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Editorial on the Research Topic 


Role of Inflammation in Neurodegenerative Diseases


A precise and dynamic immune response is pivotal for maintaining defense against pathogens, cellular homeostasis, and tissue repair following injury. Dysregulated immune responses, on the other hand, can cause chronic inflammatory and/or autoimmune diseases, and contribute to degenerative pathologies and even organ failure. Neuroinflammation during diverse central nervous system (CNS) diseases is mainly governed by activation of CNS resident glial cells (i.e. microglia and astrocytes) and infiltrated peripheral immune cells (macrophage, neutrophils, natural killer cells, and lymphocytes), through a compromised blood-brain barrier (BBB), blood-meningeal barrier or via other routes (choroid plexus and circumventricular organs). Upon activation, these cells are involved in the production of inflammatory mediators such as cytokines, chemokines, matrix metalloproteinases, among others, which requires tight regulation to minimize tissue damage associated with chronic activation. In the past two decades, emerging evidence has driven a paradigm shift in our understanding of CNS inflammation, revealing novel neuroprotective roles of alternatively activated microglia, astrocytes and infiltrating immune cells in neurological disorders (1–14).

In this special Research Topic, we called for studies, which would reflect roles of inflammation in neurodegenerative diseases. We received a total of 32 articles comprising 6 reviews, 2 mini-reviews, 22 original research articles, and 2 case reports. Among them, 27 articles were published in Frontiers of Immunology, whereas 5 were published in Frontiers in Neurology. These articles cover some of the exciting findings highlighting the critical and diverse roles of inflammation in neurodegenerative diseases, mainly in Alzheimer’s disease (AD) and multiple sclerosis (MS).

In the context of AD, a common view has been that neuroinflammatory responses derive pathogenic processes affecting disease onset and progression. Based on this notion, attenuating neuroinflammation would be primarily beneficial in preventing or halting AD (15, 16). Indeed, Hickman et al. reported the neuroprotective potential of microglial C-X3-C motif chemokine receptor 1 (CX3CR1) depletion in the double-transgenic mouse models of AD carrying human AD mutations in presenilin 1 and amyloid precursor protein (PS1-APP). This study found that CX3CR1 deficiency in microglia is associated with reduced plaque load, amyloid β-protein (Aβ) levels, and neurobehavioral deficits. Similarly, Barron et al. showed the harmful effects of systemic inflammation by lipopolysaccharides (LPS) injection in neurobehavioral functions employing a mouse model of tauopathy. Another report by Joly-Amado and collages. also using a mouse model of tauopathy, revealed that overexpression of chemokine C-C motif ligand 2 in the brain triggered neuroinflammatory glial activation and accelerated tauopathy.

Other studies demonstrated the neuroprotective effects of enhancing or modulating the immune responses to fight AD. Ma et al. uncovered a neuromodulatory role of a novel fatty acid that may have particular efficacy for AD associated with the most common genetic risk factor apolipoprotein E4 (APOE4). The authors described neuroprotective effects of a diet consisting of high n-6 fatty acid linoleic acid to n-3 fatty acid ratios, a diet traditionally considered to be ‘pro-inflammatory’. However, the brains of E4FAD mice fed with this diet showed a surprising resolution of neuroinflammation. Further studies showed that the effect was mediated by its metabolite, n-6 docosapentaenoic acid, a fatty acid, typically upregulated in n-3 insufficient diets, which exerted a pharmacogenomic role that could counteract detrimental neuroinflammatory and neurodegenerative responses in APOE4-induced AD-model mice, enhancing clearance of plaques and resolution of inflammation.

In an elegant study, Li et al. described for the first time that bone marrow-derived macrophages, and moreover, glatiramer acetate-activated macrophages efficiently clear Aβ42 oligomers and fibrils and rescue synapses following Aβ42 exposure in primary cortical neurons in vitro and in the hippocampi of APPSWE/PS1ΔE9 transgenic murine models of AD in vivo. These findings provide the rationale for harnessing macrophages to treat AD. Further, Li et al. revealed that cortical neurons were far more susceptible to well-defined and stabilized Aβ42 oligomers than the fibrils, triggering neuritic arborization retraction, neuronal function alterations, and loss of pre- and post-synaptic markers. This study suggested that alternatively activated macrophages confer a potential synaptoprotective phenotype through augmented capacity to remove highly toxic Aβ42 oligomers and induce synaptic preservation and regeneration.

Several other groups demonstrated the importance of targeting microglial or peripheral myeloid cell molecules to attenuate AD pathology. Estfanous et al. revealed that elevated expression of microglial microRNA (miR)-17 hampers the autophagy-mediated Aβ degradation in AD patients. This study also reaffirmed these results in 5xFAD mice model, where they found that inhibiting miR-17 expression in microglia improved Aβ degradation and autophagy. Abdullah et al. reported the effects of nilvadipine, calcium channel blocker, against AD-influenced cognitive decline and changes in cerebrospinal fluid (CSF) biomarkers in AD patients. After adjusting for confounding effects of ApoE genotype, age and gender, nilvadapine reduced CSF Aβ42/Aβ40 ratios, phosphorylated tau P181, as well as YKL-40 and neurogranin, indices of synaptic degeneration and neuroinflammation. Another clinical study by Aliseychik et al. identified AD-specific clonotype features of T-cell receptor γ genes derived from blood and brain cells of AD patients. A report by Zuroff et al. uncovered novel effects of interleukin-34 (IL-34) on macrophage activation and phenotype. This in vitro study revealed that IL-34 activatation of macrophages reduced their Aβ uptake ability. IL-34 also appeared to impair monocyte differentiation into macrophages and reduce their ability to uptake pathological forms of Aβ, suggesting that IL-34 promotes Aβ accumulation and can act as pathogenic mediator in diverse neuroinflammatory diseases associated with amyloid pathology. Moreover, Ma et al. reported the importance of arginase 1 in amyloidosis. They revealed that arginase 1 deletion in myeloid cells triggers Aβ deposition, microgliosis, and behavioral deficits in mouse model of spontaneous amyloidosis.  Ma et al. .also reported the importance of myeloid arginase 1 in alleviating AD pathogenesis. They found that arginase-1 deficiency in myeloid cells up-regulates glial gene transcripts and reduces microglial ability for Aβ phagocytosis.

The above studies emphasized that manipulating macrophages to correct aberrant inflammation, and modulating neuroinflammatory responses can be viable options to counteract pathogenesis. A case report study by Nelson et al. demonstrated the importance of maintaining a delicate balance, by showing a detrimental effect of the combination of immunosuppressive drugs (prednisone and tacrolimus, a calcineurin inhibitor) following orthopedic heart transplantation in a 57-year-old man, was associated with cerebral amyloid angiopathy (CAA)-related inflammation.

Comprehensive reviews on neuroinflammation in AD and cerebral small vessel disease (CSVD) were also included in this special issue. Hampel et al. provided a broad review of the cellular and molecular mechanisms, together with the critical pathogenic aspects of neuroinflammation in AD. This review described the involved immune cell types, potential reasons for the failure of previous anti-inflammatory therapies, and the value of precision medicine in targeting neuroinflammation as a prospective AD drug discovery. Further, Kloske and Wilcock discussed the risks associated with APOE-isotype dependent neuroinflammation in AD. This review highlighted that APOE4 contributes to increased proinflammatory responses of glial cells, impaired BBB functions, triggering neurodegeneration, elevated Aβ aggregation, and increased tau hyperphosphorylation. Hence, given its damaging role in AD, targeting APOE is an exciting strategy for AD drug development. Finally, Zhou et al. reviewed the imaging aspects of neuroinflammation in AD with a focus on positron emission tomography, by which improved imaging probes for microglial or astrocytes activation (pro- or anti-inflammatory phenotypes) with highly specific ligand affinities enable in vivo brain neuroinflammation imaging. Further, a review provided by Jian et al. highlighted the role of immunosenescence in CSVD, in which the aging immune system plays a role in the development of CSVD.

The pathogenic aspects of neuroinflammation in MS and other autoimmune diseases were also discussed in this special Research Topic. DiSano et al. demonstrated that activated B cell-related chemokines and trophic factors were observed during chronic, progressive Theiler’s virus mouse model of MS. Importantly, Sánchez-Fernández et al. suggested that OLT1177, a selective inhibitor of the NOD-, LRR- and pyrin domain-containing protein 3 inflammasome, can attenuate symptoms of experimental autoimmune encephalomyelitis (EAE), an animal model of MS. These effects were attributed to reducing the expression levels of proinflammatory cytokines such as IL-1β, IL-18, IL-6, and TNF-α in the spinal cord of EAE mice. In addition to OLT1177-enriched diet, the prophylactic oral administration of OLT1177 significantly decreased the infiltration of CD4 T cells and macrophages in the spinal cord, suggesting the substantial anti-inflammatory properties of OLT1177. Notably, Doroshenko et al. revealed the protective role of microglial peroxisome proliferator-activated receptor-δ (PPAR-δ) in EAE mouse model employing loss-of-function approach. This study uncovered that deleting PPAR-δ in microglia exacerbates axonal injury, oxidative stress, neuroinflammation, and neurodegeneration. A clinical report by Arslan et al. showed that markers associated with thiol homeostasis as a novel oxidative stress parameter are elevated in the serum and CSF of patients with inflammatory MS and neuromyelitis optica spectrum disorders. These markers, therefore, can possibly be used for monitoring disease severity. Ayzenberg et al. studied the role of T-cell during brainstem encephalitis; and revealed that gauging T cells can be an important differential diagnosis in myasthenia gravis. Additional review manuscripts on this topic were included: Guerrero and Sicotte.provided an overview of the detrimental and neuroprotective aspects of microglia in MS, suggesting that microglia can be both friend and foe during MS pathogenesis. The authors also suggested that microglia mainly promote proinflammatory responses during the early lesion stages of MS, whereas microglia exhibit anti-inflammatory properties during late lesion stages. Similarly, Deerhake et al. reviewed both the pathogenic and protective roles of pattern recognition receptors in animal models of MS, and Ifergan and Miller highlighted the importance of peripheral myeloid cells in MS pathogenesis, suggesting that these cells are potential therapeutic targets for MS and other autoimmune disorders.

In addition to AD and MS, aspects of neuroinflammation in other neurological conditions were included in this special Research Topic. Jhun et al. showed that CD103 deficiency induced behavioral patterns, simlar to autism and attention-deficit hyperactivity disorder (ADHD) and attenuated age-related cognitive decline in murine models. CD103, an integrin and E-cadherin receptor, is predominantly expressed by CD8 T cells in the brain, gut, and other tissues. Absence of CD103 was shown to damage gut immune responses, especially the local T cell function. Next the authors found that CD103 deletion exacerbated cognitive and behavioral deficits in animal models of autism and ADHD. In another study, the neuroprotective effects of resveratrol were reported by Zheng et al. using levodopa-induced dyskinesia rat models. These neuroprotective effects were mediated by downregulating the pro-inflammatory responses of activated microglia and astrocytes. Accordingly, Ghafouri-Fard et al. studied the inflammatory factor NF-κB-related long non-coding RNA (lncRNA) in the blood of patients with Parkinson's disease (PD). This study revealed that NF-κB-related lncRNAs are associated with modulation of immune responses and apoptotic pathways. Jiang et al. reported that intranasal administration of MMI-0100, a cell-penetrating peptide inhibitor of MAPK-activated protein kinase II, attenuates neuroinflammatory responses induced by Aβ1-42 or LPS in the hippocampus of male Kunming mice. MMI-0100 administration attenuated LPS-induced glial activation, and dramatically decreased the expression of series of pro-inflammatory mediators such as TNF-α, IL-6, IL-1β, COX-2, and iNOS. In healthy mouse brains, Moral et al. investigated age-dependent and sex-specific functional states of microglia using multicolor two-photon imaging techniques. This study revealed the different functional states of microglia among different age groups, and suggested that caloric restriction could be a potent, cost-effective, and clinically relevant tool for rejuvenating microglia. Further, Goddery et al. revealed the important role of microglia and macrophages as antigen presenting cells that promote the infiltration of CD8 T cells when the CNS is infected with the Theiler’s murine encephalomyelitis virus. An exciting study by Kim et al., reported that gut microbiota, which consist of both pro- and anti-inflammatory bacteria, are bidirectionally connected to the brain. Indeed, the overgrowth of inflammatory bacteria such as Escherichia coli in the gastrointestinal tract caused neuropsychiatric disorders. While notably, a balanced gut microbiota with prominent anti-inflammatory bacteria such as Lactobacillus mucosae alleviated psychiatric disorders by decreasing pro-inflammatory and increasing anti-inflammatory responses.

Finally, Passaro et al. provided a systematic review on the emerging role of central and peripheral immune crosstalk in diverse neurological disorders, including stroke, traumatic brain injury, MS and other autoimmune disorders, amyotrophic lateral sclerosis, AD, PD, and glioblastoma. Taken together, this special Research Topic highlights an overview of recent findings and new insights into both the detrimental and beneficial roles of inflammation in neurodegenerative diseases. Thus, this novel understanding on how to modulate neuroinflammation could be a promising therapeutic strategy for neurodegenerative diseases.


Author Contributions

MK-H and BPG drafted the manuscript; All authors edited and approved the manuscript for publication.



Funding

This study was supported by NIH/NIA R01AG056478, R01AG055865 (MK-H), VA Merit BX005276 (SAF) and R01AG 066212 (SAF).



References

1. Baruch, K, Rosenzweig, N, Kertser, A, Deczkowska, A, Sharif, AM, Spinrad, A, et al. Breaking Immune Tolerance by Targeting Foxp3(+) Regulatory T Cells Mitigates Alzheimer's Disease Pathology. Nat Commun (2015) 6:7967. doi: 10.1038/ncomms8967

2. Butovsky, O, Koronyo-Hamaoui, M, Kunis, G, Ophir, E, Landa, G, Cohen, H, et al. Glatiramer Acetate Fights Against Alzheimer's Disease by Inducing Dendritic-Like Microglia Expressing Insulin-Like Growth Factor 1. Proc Natl Acad Sci USA (2006) 103:11784–9. doi: 10.1073/pnas.0604681103

3. Doustar, J, Rentsendorj, A, Torbati, T, Regis, GC, Fuchs, DT, Sheyn, J, et al. Parallels Between Retinal and Brain Pathology and Response to Immunotherapy in Old, Late-Stage Alzheimer's Disease Mouse Models. Aging Cell (2020) 19:e13246. doi: 10.1111/acel.13246

4. Gaire, BP. Microglia as the Critical Regulators of Neuroprotection and Functional Recovery in Cerebral Ischemia. Cell Mol Neurobiol (2021). doi: 10.1007/s10571-021-01145-9

5. Kasindi, A, Fuchs, DT, Koronyo, Y, Rentsendorj, A, Black, KL, and Koronyo-Hamaoui, M. Glatiramer Acetate Immunomodulation: Evidence of Neuroprotection and Cognitive Preservation. Cells (2022) 11:1578. doi: 10.3390/cells11091578

6. Koronyo, Y, Salumbides, BC, Sheyn, J, Pelissier, L, Li, S, Ljubimov, V, et al. Therapeutic Effects of Glatiramer Acetate and Grafted CD115(+) Monocytes in a Mouse Model of Alzheimer's Disease. Brain (2015) 138:2399–422. doi: 10.1093/brain/awv150

7. Koronyo-Hamaoui, M, Sheyn, J, Hayden, EY, Li, S, Fuchs, DT, Regis, GC, et al. Peripherally Derived Angiotensin Converting Enzyme-Enhanced Macrophages Alleviate Alzheimer-Related Disease. Brain (2020) 143:336–58. doi: 10.1093/brain/awz364

8. Lebson, L, Nash, K, Kamath, S, Herber, D, Carty, N, Lee, DC, et al. Trafficking CD11b-Positive Blood Cells Deliver Therapeutic Genes to the Brain of Amyloid-Depositing Transgenic Mice. J Neurosci (2010) 30:9651–8. doi: 10.1523/JNEUROSCI.0329-10.2010

9. Nguyen, MD, Julien, JP, and Rivest, S. Innate Immunity: The Missing Link in Neuroprotection and Neurodegeneration? Nat Rev Neurosci (2002) 3:216–27. doi: 10.1038/nrn752

10. Schwartz, M, and Baruch, K. The Resolution of Neuroinflammation in Neurodegeneration: Leukocyte Recruitment via the Choroid Plexus. EMBO J (2014) 33:7–22. doi: 10.1002/embj.201386609

11. Schwartz, M, and Deczkowska, A. Neurological Disease as a Failure of Brain-Immune Crosstalk: The Multiple Faces of Neuroinflammation. Trends Immunol (2016) 37:668–79. doi: 10.1016/j.it.2016.08.001

12. Zuroff, L, Daley, D, Black, KL, and Koronyo-Hamaoui, M. Clearance of Cerebral Abeta in Alzheimer's Disease: Reassessing the Role of Microglia and Monocytes. Cell Mol Life Sci (2017) 74:2167–201. doi: 10.1007/s00018-017-2463-7

13. Cheslow, L, and Alvarez, JI. Glial-Endothelial Crosstalk Regulates Blood-Brain Barrier Function. Curr Opin Pharmacol (2016) 26:39–46. doi: 10.1016/j.coph.2015.09.010

14. Church, ME, Ceja, G, McGeehan, M, Miller, MC, Farias, P, Sanchez, MD, et al. Meningeal B Cell Clusters Correlate With Submeningeal Pathology in a Natural Model of Multiple Sclerosis. J Immunol (2021) 207:44–54. doi: 10.4049/jimmunol.2000514

15. Gyengesi, E, and Munch, G. In Search of an Anti-Inflammatory Drug for Alzheimer Disease. Nat Rev Neurol (2020) 16:131–2. doi: 10.1038/s41582-019-0307-9

16. Heneka, MT, Carson, MJ, El Khoury, J, Landreth, GE, Brosseron, F, Feinstein, DL, et al. Neuroinflammation in Alzheimer's Disease. Lancet Neurol (2015) 14:388–405. doi: 10.1016/S1474-4422(15)70016-5




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 © 2022 Koronyo-Hamaoui, Gaire, Frautschy and Alvarez. 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.











	
	CASE REPORT
published: 02 August 2019
doi: 10.3389/fneur.2019.00829






[image: image2]

Brainstem Encephalitis With Low-Titer Acetylcholine Receptor Antibodies Mimicking Myasthenia Gravis


Ilya Ayzenberg1,2*, Gisa Ellrichmann1, Christoph Schroeder1, Lars Tönges1, Anja Klasing1, Vaia Pappa1, Wolfgang Brück3 and Ralf Gold1


1Department of Neurology, St. Josef Hospital Bochum, Ruhr University Bochum, Bochum, Germany

2Department of Neurology, Sechenov First Moscow State Medical University, Moscow, Russia

3Institute of Neuropathology, University Medical Center, Göttingen, Germany

Edited by:
Jorge Ivan Alvarez, University of Pennsylvania, United States

Reviewed by:
Edward G. Stopa, Brown University, United States
 Edward Lee, University of Pennsylvania, United States

*Correspondence: Ilya Ayzenberg, ilya.ayzenberg@ruhr-uni-bochum.de

Specialty section: This article was submitted to Multiple Sclerosis and Neuroimmunology, a section of the journal Frontiers in Neurology

Received: 17 March 2019
 Accepted: 18 July 2019
 Published: 02 August 2019

Citation: Ayzenberg I, Ellrichmann G, Schroeder C, Tönges L, Klasing A, Pappa V, Brück W and Gold R (2019) Brainstem Encephalitis With Low-Titer Acetylcholine Receptor Antibodies Mimicking Myasthenia Gravis. Front. Neurol. 10:829. doi: 10.3389/fneur.2019.00829



Objective: To report a rare case of brainstem encephalitis with low-titer acetylcholine receptor antibodies mimicking myasthenia gravis.

Methods: The patient was investigated with repeated brain MRI, CSF examination, repetitive nerve stimulation, thoracic CT, and serologic screening. Our patient passed away and finally autopsy revealed a definitive diagnosis. Written informed consent was obtained from the relatives of the patient for access to clinical files for research purposes and publication.

Results: We present a young woman with a subacute bulbar syndrome, who was initially diagnosed with myasthenia gravis based on clinical finding and elevated acetylcholine receptor antibodies. Episodes of numbness in the pharynx and tongue and moderate saccadic horizontal and vertical pursuits were atypical. Despite initial stabilization with intravenous immunoglobulins she developed acute asphyxia after regurgitation of food and had to be resuscitated with ultimately lethal outcome. Autopsy revealed an autoimmune T-cell mediated brainstem encephalitis. Serological screening revealed positive GAD and Ma2 autoantibodies, indicating its probable paraneoplastic nature.

Conclusions: Brainstem encephalitis is an important differential diagnosis even in seropositive bulbar myasthenia gravis, as several autoimmune processes often co-occur. Sudden unexpected death must be taken into account in brainstem encephalitis, requiring prolonged monitoring of the patients.

Keywords: brainstem encephalitis, myasthenia gravis, GAD, Ma2, sudden death


INTRODUCTION

Co-existence of several antineuronal autoantibodies is widely known in paraneoplastic and primary autoimmune disorders. Several cases of autoimmune encephalitis and a number of paraneoplastic autoantibodies have been reported in myasthenia gravis (MG), including glutamic acid decarboxylase (GAD), voltage-gated potassium channel and collapsin response-mediator protein-5 autoantibodies (1, 2). Here we report a case of pathologically proven subacute bulbar encephalitis and low-titer acetylcholine receptor antibodies, initially misdiagnosed as a bulbar MG.



CASE-REPORT

A 29-years-old woman with a history of depression and cryptogenic epilepsy slowly developed progressive bulbar signs with dysarthria and dysphagia and was diagnosed with a seropositive MG due to slightly increased titer of acetylcholine receptor antibodies (0.71 nmol/l, normal < 0.4). Despite slightly increased antinuclear antibodies (1:160) there was no clinical evidence of any concomitant rheumatologic disease. Chest CT-scan revealed no malignancies or thymus hyperplasia. Surprisingly there was no improvement under pyridostigmin and the patient was referred to our hospital. Under the assumption of MG exacerbation intravenous immunoglobulin (1 g/kg) was started. In addition to dysarthria, dysphagia and bilateral facial weakness she reported episodes of slight numbness in the pharynx and tongue. She had no double vision, yet showed moderate saccadic horizontal and vertical pursuits, atypical for MG. Because of these findings polyneuritis cranialis was discussed as a possible alternative diagnosis, however anti-ganglioside antibodies were not indicative. CSF analysis revealed a discrete lymphocytic pleocytosis with 6 cells/μl by slightly increased albumin-quotient and massive local IgM synthesis (63%). Electroneurography was normal and there was no decrement in a repetitive 3/s nerve stimulation. Repeated brain MRI revealed no abnormalities. Despite initial stabilization she developed a sudden asphyxia due to regurgitation of food and bronchospasm several days later and died due to hypoxic brain injury.

Autopsy revealed extensive hypoxic damage in all gray matter areas of the brain with neuronal necrosis and already infiltrating granulocytes. Within the brain stem, especially in midbrain and pons, perivascular lymphocytic infiltrates were seen. Immunohistochemical investigation identified these inflammatory cells as CD3-positive T cells, located perivascularly as well as within the brain parenchyma (Figure 1). B cells or plasma cells were not detected. Screening for the antineuronal autoantibodies revealed positive GAD and Ma2 autoantibodies in serum. However, no thymoma or other tumors have been detected on autopsy despite of extensive examination of inner organs.
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FIGURE 1. Perivascular and brain parenchymal T-cell infiltration in the midbrain. Immunohistochemistry identified these inflammatory cells as CD3-positive T cells being located mainly perivascularly (arrows) but also invading the brain parenchyma (arrowheads) (immunohistochemistry for CD3).





DISCUSSION

An autoimmune brainstem encephalitis was the core pathology in our patient initially misdiagnosed as MG. The level of AChR antibodies was very low and had to be interpreted with caution. Although an additional pathogenetic role of the AChR antibodies cannot be definitely excluded, non-responsiveness to pyridostigmin and absence of a decremental response in a repetitive stimulation make it rather unlikely. Additional clinical signs, such as saccadic pursuits and sensory deficits, even if mild, are also atypical for MG. The disruption of the blood-brain-barrier and massive intrathecal IgM production confirmed an inflammatory CNS process. Immunohistopathology revealed a T-cell mediated inflammation in brainstem, typical for a paraneoplastic encephalitis, associated with autoantibodies against intracellular antigens.

Despite positive GAD- and Ma2-antibodies no tumor has been found. Patients with anti-Ma2 antibodies often develop paraneoplastic limbic or brainstem encephalitis at a very early tumor stage, including carcinoma in situ (3). Interestingly, eye movement abnormalities are characteristic and have been seen in 92% of those with brainstem involvement. Anti-GAD65 autoantibodies are in many cases non-paraneoplastic, however the probability of underlying cancer (mostly thymoma, lung or breast cancer) is 7-fold higher if further antineuronal antibodies coexist (4). Yet positive antinuclear antibodies and young age of our patient support probable primary autoimmune origin. Laryngospamus, respiratory or cardiac arrest have been reported as possible reasons of sudden death in brainstem encephalitis (5).



CONCLUSION

We present a patient with an autoimmune brainstem encephalitis and multiple autoantibodies, mimicking a bulbar form of MG. Even if mild, atypical clinical signs including sensory and eye movement abnormalities, should raise concerns about an exclusive diagnosis of MG. Sudden unexpected death must be taken into account in patients with brainstem encephalitis, requiring prolonged monitoring during disease deterioration.
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Persistent central nervous system (CNS) inflammation, as seen in chronic infections or inflammatory demyelinating diseases such as Multiple Sclerosis (MS), results in the accumulation of various B cell subsets in the CNS, including naïve, activated, memory B cells (Bmem), and antibody secreting cells (ASC). However, factors driving heterogeneous B cell subset accumulation and antibody (Ab) production in the CNS compartment, including the contribution of ectopic lymphoid follicles (ELF), during chronic CNS inflammation remain unclear and is a major gap in our understanding of neuroinflammation. We sought to address this gap using the Theiler's murine encephalomyelitis virus-induced demyelinating disease (TMEV-IDD) model of progressive MS. In this model, injection of the virus into susceptible mouse strains results in a persistent infection associated with demyelination and progressive disability. During chronic infection, the predominant B cell phenotypes accumulating in the CNS were isotype-switched B cells, including Bmem and ASC with naïve/early activated and transitional B cells present at low frequencies. B cell accumulation in the CNS during chronic TMEV-IDD coincided with intrathecal Ab synthesis in the cerebrospinal fluid (CSF). Mature and isotype-switched B cells predominately localized to the meninges and perivascular space, with IgG isotype-switched B cells frequently accumulating in the parenchymal space. Both mature and isotype-switched B cells and T cells occupied meningeal and perivascular spaces, with minimal evidence for spatial organization typical of ELF mimicking secondary lymphoid organs (SLO). Moreover, immunohistological analysis of immune cell aggregates revealed a lack of SLO-like ELF features, such as cell proliferation, cell death, and germinal center B cell markers. Nonetheless, flow cytometric assessment of B cells within the CNS showed enhanced expression of activation markers, including moderate upregulation of GL7 and expression of the costimulatory molecule CD80. B cell-related chemokines and trophic factors, including APRIL, BAFF, CXCL9, CXCL10, CCL19, and CXCL13, were elevated in the CNS. These results indicate that localization of heterogeneous B cell populations, including activated and isotype-switched B cell phenotypes, to the CNS and intrathecal Ab (ItAb) synthesis can occur independently of SLO-like follicles during chronic inflammatory demyelinating disease.

Keywords: multiple sclerois, ectopic lymphoid follicles, B cells, TMEV-IDD, neuroinflammation


INTRODUCTION

The presence of antibody (Ab), antibody-secreting cells (ASC), and multiple other B cell subsets in the CNS compartment are hallmarks of chronic inflammatory processes during persistent infection or demyelinating diseases. In the inflammatory demyelinating disease Multiple Sclerosis (MS), CNS-infiltrating B cells are associated with the presence of oligoclonal IgG bands in the cerebrospinal fluid (CSF), a diagnostic hallmark in 95% of patients resulting from intrathecal antibody (ItAb) production in the CNS compartment (1–3). The exact role of B cells and Ab in MS remains controversial, but nevertheless multiple B cell phenotypes are implicated in MS pathogenesis. IgG and complement deposition are frequently observed in active demyelinating lesions in MS (4–7), indicating local Ab and complement-mediated mechanisms may contribute to demyelination. The success of B cell depletion therapies (BCDT) targeting CD20+ B cells, including mature B cells to plasmablasts, have further implicated B cells in MS pathogenesis, as BCDT reduces the formation of new inflammatory lesions and relapses in relapsing-remitting MS (RRMS) patients and time to confirmed disease progression in young, inflammatory primary progressive MS (PPMS) patients with minimal effects on ItAb (8–12). Collectively, these findings implicate a critical, yet unclear role for multiple B cell phenotypes in MS pathogenesis. However, the mechanisms underlying the recruitment and survival of diverse B cell populations in the CNS as well as factors responsible for fostering Ab production within the CNS compartment in MS and other chronic neuroinflammatory diseases are still largely undetermined.

The exact mechanisms regulating B cell accumulation and persistence in tissues outside of secondary lymphoid organs (SLO) remain unclear. Classically, infiltration of immune cells into non-lymphoid tissue sites, including the CNS, was seen as a random and diffuse process. However, during chronic inflammation lymphoid neogenesis may occur in certain conditions whereby tissue-infiltrating immune cells form highly organized structures resembling SLOs. These structures, known as tertiary lymphoid organs or ectopic lymphoid follicles (ELF), are locally inducible within chronically inflamed sites and contain the organizational, cellular, and molecular features found in SLO essential for propagating immune cell activation and antigen-driven selection, ultimately sustaining tissue-specific immune responses (13–16). Furthermore, similar to SLO, ELF contain B cell-rich infiltrates and are implicated in promoting focal B cell organization to aid activation, affinity maturation, differentiation, class-switch recombination, and local Ab production (13, 16, 17). ELF can develop in nearly every organ in the body during infection, autoimmunity, and tumorigenesis, although the degree to which ELF recapitulate lymphoid tissue-like organization varies (13, 16, 18). These structures can provide a permissive environment for cellular and humoral immune responses independent of primary or secondary lymphoid tissue.

ELFs are particularly prominent during chronic inflammation, yet mouse models of neuroinflammation examining CNS compartmentalized immune responses, including ELF formation, have focused on acute rather than chronic disease. Studies in murine models of CNS demyelinating diseases including mouse hepatitis virus (MHV) (19–23), Sindbis virus infection (24, 25), and experimental autoimmune encephalomyelitis (EAE) (18, 26–29) have highlighted the ability for the CNS to serve as a niche for persistent B cell accumulation. Critical B cell chemokines and trophic factors are constitutively expressed or upregulated during neuroinflammation, including trafficking chemokines, CXCL9/10 and CCL19/21, SLO-organizing chemokines CXCL13 and CXCL12, and survival factors and differentiation factors, including BAFF, APRIL, and IL-21 (19, 20, 22, 26, 27, 30–34). Both infiltrating immune cells and CNS-resident cells, including astrocytes, microglia, and endothelial cells, produce B cell-related chemoattractants and trophic factors in the CNS (19). However, the relative contribution of ELF in fostering CNS compartmentalized B cell responses during acute models of MS remains controversial. In adoptive transfer EAE models, ELFs have been noted within the meninges and express some characteristic lymphoid factors including IL-17, LTα, and chemokines involved in leukocyte homing to and within the lymph nodes such as CXCL13, CXCL9, and CCL19 (28, 35–38).

Conversely, MHV infection, as well as spontaneous B cell-dependent 2D2 IgHMOG MOG EAE, have noted the presence of multiple B cell differentiation phenotypes, including activated and proliferating B cells and lymphoid chemokines with minimal evidence for SLO-like ELF (23, 29). Collectively, studies in viral and autoimmune models emulating the acute phase of MS support the notion that prolonged B cell responses within the CNS can occur irrespective of ELF formation. Nonetheless, ELFs are classically induced during chronic inflammation and therefore may play a more critical role in chronic and progressive phases of the disease. Studies documenting meningeal inflammatory aggregates resembling some features of ELF were found primarily in secondary progressive MS (SPMS) post-mortem brain tissue (36, 37, 39), yet, mouse models of chronic and progressive demyelinating disease course have not evaluated contributions of ELF in promoting CNS compartmentalized immune responses. Thus, the contribution of ELF in promoting persistent B cell activity in the CNS during chronic and progressive phases of MS requires further evaluation.

The pathology of progressive MS is complex and recapitulating all facets of progressive disease in an individual mouse model has proven to be challenging. Nonetheless, Theiler's murine encephalomyelitis virus (TMEV)-induced demyelinating disease (TMEV-IDD) has been established as an accepted model of chronic MS, especially its progressive forms. Chronic TMEV infection of the CNS in susceptible strains of mice produces a progressive clinical disease course exemplified by accrued disability, including spastic paralysis. The model further parallels several hallmarks of progressive MS exhibiting both spinal cord and brain pathology, including demyelination, remyelination, atrophy, neuronal death, axonal injury, and persistent CNS inflammation (40–43). Furthermore, several studies document ItAb synthesis in the CNS during TMEV-IDD, similar to MS (44, 45). The phenotype of accumulating B cells and the role of ELF in supporting prolonged CNS compartmentalized inflammation and Ab production in TMEV-IDD has yet to be determined. Thus far, persistent accumulation of T cells and B cells (46) in the CNS during chronic TMEV-IDD and elevations in CSF Ab despite restored blood-brain barrier (BBB) integrity (46, 47) suggest CNS compartmentalized cellular and humoral immune responses may be fostered during chronic TMEV-IDD.

The present study sought to elucidate B cell phenotypes accumulating in the CNS, and the relative contribution of CNS compartmentalized immune responses, including SLO-like ELF formation, in sustaining B cell accumulation and Ab production in the CNS in TMEV-IDD. Overall, our results demonstrate that ongoing B cell responses and ItAb synthesis in the CNS during chronic TMEV occur independent of SLO-like ELF formation. Our findings broaden our view of the diverse factors involved in supporting CNS compartmentalized B cell responses during CNS inflammatory diseases, a crucial finding for identifying future therapeutic interventions targeting inflammatory aggregates.



METHODS


Mice and Infection

Four to five-week-old female SJL mice were purchased from Jackson Laboratories (Bar Harbor, ME) and were intracranially infected with 10 ×106 plaque forming units (PFU) of TMEV (BeAn strain) in 30 μl final volume. All mice were housed under pathogen-free conditions at an accredited facility at Dartmouth College. The control sham-treated group received an intracranial injection with 30 μl of saline solution and were age-matched to TMEV-IDD mice for all experiments. All procedures were conducted under protocols approved by the Institutional Animal Care and Use Committee.



Sample Isolation

Whole blood, cervical lymph nodes (CLN), spinal cord, and CSF were obtained from each mouse at necropsy (n = 32 TMEV-IDD and n = 12 sham from 4 independent experiments). Blood (average 500 μl) was collected by intracardiac puncture and serum was isolated and stored at −80°C. CLN were either paraffin-embedded for immunofluorescence studies (n = 11 TMEV-IDD; n = 3 sham) or processed for flow cytometry (n = 11 TMEV-IDD; n = 3 sham). Spinal cords were divided, with 1/3 of tissue snap frozen and stored at −80°C for gene expression analyses and 2/3 of tissue either left in the spinal column, with vertebrae intact for paraffin-embedding (n = 8 TMEV-IDD; n = 6 sham) or flushed from the spinal column to process for flow cytometry (n = 24 TMEV-IDD; n = 6) as noted below. CSF was collected by cisternal tap as previously described (48). Briefly, the meninges overlaying the cisterna magna were exposed, the surrounding area was gently cleaned to remove any contaminating blood, and a 30 gauge needle was used to puncture the arachnoid membrane. CSF was collected using a glass capillary tube (average 8–10 μl), centrifuged to remove cells, diluted 1:3 in PBS, and stored at −80°C.



RNA Preparation and Real-Time Quantitative Reverse Transcription (RT-PCR)

RNA was extracted from spinal cords using TRIzol (Invitrogen, Foster City, CA). RNA was reverse transcribed using the qScript cDNA Supermix kit (Quanta-Biosciences, Gaithersburg, MD). cDNA was then utilized as the template for real-time RT-PCR based on the 5′ nuclease assay, using the PerfeCTa qPCR FastMix II ROX (Quanta-Biosciences, Gaithersburg, MD). Custom primers and probes were used to detect TMEV mRNA (45), and TaqMan real-time PCR assays (Life Technologies, Grand Island, NY) were used as the primers and probes for all other target genes, including mouse glyceraldehyde phosphate dehydrogenase (GAPDH), the reference gene. TMEV mRNA was assessed by absolute quantification using a standard curve of TMEV plasmids amplified at known concentrations. For the present study, only TMEV positive mice were included in our data analysis. All other targets were analyzed as relative mRNA expression levels calculated by using both the 2−ΔCt method where ΔCt = Cttarget−CtGAPDH, and the 2−ΔΔCt methods where ΔΔCt = ΔCtTMEV−IDD−ΔCtSham (49).



Luminex® Bead-Based Multiplex Assay

Immunoglobulins (Ig) and cytokine levels in the CSF and serum were measured using Luminex® Bead-based Multiplex Assay. The MilliPlex MAP Mouse Immunoglobulin Isotyping Magnetic Bead Panel (EMD Millipore, Burlington, MA) was used to quantify levels of IgA, IgG1, IgG2a, IgG2b, IgG3, and IgM. Likewise, the Bio-Plex Pro Mouse Chemokine Panel 33-plex assay (Bio-Rad, Cambridge, MA) was used to quantify 33 chemokines, including B cell-related chemokines CXCL13, CCL19, CXCL10, IL-6, and CXCL12. Mouse CXCL9 and IL-21 were measured using Luminex® singleplex assays available from Bio-Rad. In order to compare intrathecal production of Igs and chemokines, CSF analytes were normalized to serum analytes by calculating a CSF/serum ratio, which accounts for individual variability in serum concentrations (50, 51).



Cell Isolation and Flow Cytometry

For B cell analysis via flow cytometry, CLN cells or spinal cord-derived mononuclear cells were isolated from individual TMEV infected or sham mice as previously described (23). Briefly, spinal cords were minced and digested in RPMI supplemented with 10% fetal calf serum (FCS), collagenase type I (1 mg/ml; Worthington Biochemical Corporation, Lakewood, NJ) and DNase I (100 U/ml) (Worthington Biochemical Corporation, Lakewood, NJ). Incubation was followed by the addition of 0.1M EDTA to terminate collagenase activity. Cell pellets were resuspended in RPMI medium, adjusted to 30% Percoll (Pharmacia, Piscataway, NJ), and underlaid with 1 ml of 70% Percoll. Cells were recovered from the 30/70% Percoll interface. Prior to staining, cells were incubated with fixable viability stain 780 APC-Cy7 (BD Biosciences, San Jose, CA). Cells were then incubated with FACS buffer supplemented with 1% mouse serum and rat anti-mouse FcγIII/II mAb (2.4G2; BD Bioscience, San Jose, CA) to prevent non-specific staining. Expression of B cell phenotype and activation surface markers was assessed by staining CLN or CNS cells with Ab specific for CD45 (30-F11; PerCP-Cy5.5), CD19 (1D3; PE-CF594), GL7 (FITC), IgD (11-26; APC), IgM (eB131-15F9; PE), CD138 (281-2; PE), IgG2a/2b (R2-40; FITC) IgG1 (A85-1; FITC), MHCII IAq (KH116; BV421), CD80 (16-10A1; PE) (BD Biosciences, San Jose, CA) (Table 1). Cells were analyzed using a Beckmann Coulter Gallios flow cytometer (BD Biosciences, San Jose, CA) and FlowJo (version 9.7.6) software (Tree Star, Ashland, OR). Voltages for the cytometer's detectors were set based on B cell surface marker expression on B cells isolated from CLN and the same voltages were utilized for analyzing CNS-infiltrating B cells. Cell numbers were calculated based on live cell yields and percentages of gated live cells. Dead cells were excluded using fixable viability stain and comprised <10% of isolated cells. Doublets were excluded based on FSC-Area and FSC-Height.



Table 1. Expression of phenotypic and activation markers on B cells, including naïve, transitional (Tran), activated (Activ), isotype-unswitched (Iso-unswitched), and isotype-switched (Iso-switched) subpopulations (52–60).
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Immunohistochemistry

Spinal cords and CLN from PBS-perfused, TMEV-IDD and sham mice were fixed in 10% neutral buffered formalin for 24 h. To retain the meninges, the vertebral column was isolated, trimmed, and spinal cords with intact vertebrae were segmented into cervical, upper thoracic, and lower thoracic regions and embedded in paraffin. Tissue blocks were then surface decalcified using Nitrical nitric acid bone decalcifier (StatLab medical products, McKinney, TX) for 5-10 min, washed, and cut in sections of 4 μm thickness. Deparaffinization and rehydration steps were performed using two xylene 10-min washes followed by two 10-min 100% ethanol washes, and sequential 5-min washes of 95% ethanol, 70% ethanol, and 50% ethanol. Following PBS washes, antigen retrieval was performed at 95°C for 20 min in Tris-EDTA 0.1% Tween-20 buffer followed by cooling. Sections were washed in PBS and blocked with 5% bovine serum albumin and 10% goat serum for 1 h. After blocking, spinal cord sections were incubated with primary antibodies (Table 2). B220 and CD21/35 primary Abs were detected using secondary Ab Alexa Fluor 594 goat anti-rat IgG (Abcam), and caspase-3, Ki-67, CD3, and laminin primary Abs were detected using secondary Ab Alexa Flour 488 goat anti-rabbit IgG (Life Technologies, Grand Island, NY). Sections were mounted with Vectashield Hardset reagent with 4′,6-diamidino-2-phenylindole (DAPI) (Vector Labs, Burlingame, Ca) and examined using a Zeiss LSM 800 confocal microscope with Airyscan (Zeiss, Oberkochen, Germany). Z-series images were collected every 0.2 μm covering a tissue depth of 2-3 μm. Projected images were compiled using Image J software (NIH, http://rsbweb.nih.gov/ij) supplemented with the FIJI plugin set (https://imagej.net/Fiji). Images were assembled for publication and scale bars added using Adobe Photoshop 7.0 software (Adobe Systems, San Jose CA).



Table 2. Immunohistochemistry markers utilized for B cell aggregate analysis (61–65).
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All TMEV-IDD mice (n = 8) in our current immunofluorescence studies exhibited CNS inflammatory aggregates, albeit to varying degrees, with no detectable immune cell infiltration in sham-treated mice (n = 6).



Statistical Analyses

Data generated in the present study were analyzed via Prism (version 6.0) software (GraphPad, San Diego CA). Data sets were assessed using a Pearson normality test to determine significant deviations from a normal distribution. Based on the normality results, the parametric Student's t-test or non-parametric Mann-Whitney U test was utilized to compare groups. The exact test used to perform analyses for each data set are denoted within the corresponding figure legend. In all cases, a P < 0.05 was considered significant.




RESULTS


Isotype-Switched B Cells Predominate in the Spinal Cord and Associate With Intrathecal Antibody Synthesis During Chronic TMEV-IDD

To assess B cell phenotypes within the CNS of TMEV-IDD mice, flow cytometry was utilized to examine infiltrating B cells in spinal cords, i.e., a prominent site of inflammation, demyelination, and viral persistence during chronic TMEV infection (41, 46). CD45, a pan immune cell marker, was used to identify infiltrating immune cells in sham and TMEV-IDD spinal cords (Figure 1A; P1). Results revealed prominent CD45hi immune cell infiltration in TMEV-IDD spinal cords (mean number = 50,841; SEM ± 5390), while sham-treated mice showed minimal presence of CD45hi-expressing cells (mean number = 887; SEM ± 257) (Figure 1B). Further analysis of infiltrating CD19+ B cells within total CD45hi cells (Figures 1C,D; P2) revealed 15% (mean = 7,481 cells) were CD45hiCD19+ in TMEV-IDD spinal cords, while CD45hiCD19+ B cells were scarce in sham-treated mice (~15–20 cells; data not shown).
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FIGURE 1. Isotype-switched B cells comprise the majority of spinal cord-infiltrating B cells during chronic TMEV-IDD. (A) Representative gating strategy for CD45hi (P1) cells in the spinal cords of sham-treated or TMEV-infected mice at day 130 post-injection showing minimal CD45hi cells in sham mice. (B) Scatter plots display CD45hi percentage (left) and numbers (right) among total live cells in individual sham or TMEV-IDD mice with mean ± SEM for the group. (C) Representative gating strategy for CD45hi CD19+ B cells (P2) and (D) scatter plots displaying CD19+ B cell percentages (left) and numbers (right) within CD45hi cells for individual TMEV-IDD mice and mean ± SEM for the group. (E) Dot plots show IgD and IgM subpopulations in the CLN (left) and TMEV-IDD spinal cord (right). Gating strategy for B cell subpopulations was initially established in the CLN and then applied to spinal cord-infiltrating B cells. CD45hi CD19− non-B cell immune cells (red) were used as a negative control in both tissues. CD45hi CD19+ B cells (black) were overlaid to confirm gating of IgD−IgM− isotype-switched B cells. (F) Smoothed representative gating strategy (left) and mean percentages ± SEM (right) of B cell phenotypes among CD45hi CD19+ spinal cord-infiltrating B cells identifying IgD and IgM subsets including (1) IgD+IgM+ naïve/early activated, (2) IgDintIgM+ activated, (3) IgD−IgM+ transitional/isotype-unswitched memory/ASC, and (4) IgD−IgM− isotype-switched memory/ASC B cells. Data are representative of three independent experiments with individual TMEV-IDD (n = 6 to 8) or sham (n = 2) mice per experiment. Significant differences between sham and TMEV mice are indicated by ****(p < 0.0001) as determined by an unpaired Student's t-test.



To define the differentiation state of spinal-cord infiltrating B cells, we identified naïve/early activated, activated, transitional or isotype-unswitched ASC/Bmem, isotype-switched ASC/Bmem utilizing IgD and IgM surface expression (Table 1; Figure 1E) (21, 23, 24). B cell immunophenotyping in chronic TMEV-IDD identified the majority of B cells (~60%) as being IgD−IgM− isotype-switched ASC/Bmem phenotype (Figure 1F).

These data, combined with previous results showing pronounced ItAb in the CNS during chronic TMEV-IDD (45), led us to further characterize differentiated B cells accumulating during chronic disease. We examined the canonical surface marker of ASC, CD138 (Table 1). Initial analysis revealed that CD138+ cells expressed moderate levels of CD19 and 20% of total CD19+ cells expressed CD138 (Figure 2A). Among CD19+ CD138+ ASC, an average of 40% were class-switched IgG+ (Figure 2B) and the majority of CD19+ CD138+ ASC expressed MHCII (~90%; Figure 2C), suggesting a plasmablast phenotype.
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FIGURE 2. Accumulation of isotype-switched B cells, including ASC, coincides with intrathecal Ig synthesis. (A) Gating strategy for CD138+ ASC (red box) among CD45hi CD19+ cells (top). Scatter plots showing total percentage of CD19+ CD138+ cells (bottom) among CD45hi CD19+ B cells for individual TMEV-IDD spinal cords at day 130 p.i. with mean ± SEM for the group. (B) Histogram (top) depicts IgG expression among CD45hi CD19− non-B cell immune cells as a negative control (red) and IgG expression among CD19+ CD138+ ASC (black). Dotted line denotes cutoff for positive gating of IgG+ cells. Total percentage of IgG+ cells (bottom) among CD45hi CD19+ CD138+ B cells for individual mice and mean ± SEM for the group. (C) Histogram (top) shows MHCII expression among CD45− (astrocytes/neurons/oligodendrocytes; gray) as a negative control, with elevated expression among CD45lo microglia (blue) and CD45hi CD19− non-B cell infiltrating immune cells (red) serving as positive controls. Histogram highlights elevated MHCII expression among CD19+ CD138+ cells (black). Dotted line denotes cutoff for positive gating of MHCII+ cells. Total percentage of MHCII+ (bottom) among CD45hi CD19+ CD138+ B cells for individual mice and mean ± SEM for the group. (D) Immunoglobulin (Ig) protein levels were measured in individual CSF and serum samples using Luminex® technology to measure 6 Ig isotypes simultaneously. Scatter plots depict individual CSF/serum ratios of IgG1, IgG2a, IgG2b, IgG3, or IgM and mean ± SEM for the group. IgA showed no significant differences in CSF/serum ratio compared to sham. Significant differences between sham and TMEV mice are indicated by *(p < 0.05) or **(p < 0.01) as determined by an unpaired Student's t-test.



Flow cytometric analysis revealed the majority of CNS-infiltrating B cells were comprised of an isotype-switched B cell phenotype and previous studies have documented elevated CSF Ab in TMEV-IDD (45). These findings led us to investigate if the presence of differentiated B cells associated with ItAb production in the CSF. Immunoglobulin protein levels were measured in the serum and CSF of sham-treated and chronic TMEV-IDD mice. IgG1 (p = 0.004), IgG2a (p = 0.001), IgG2b (p = 0.002), and IgG3 (p = 0.01) all displayed significantly elevated CSF/serum ratios during chronic TMEV-IDD (Figure 2D) relative to sham-treated mice. IgM CSF/serum ratio was also moderately elevated in TMEV-IDD compared to sham-treated mice but did not reach statistical significance. Elevated CSF/serum IgG isotype ratios indicated CSF IgG was intrathecally produced as BBB integrity is restored during early disease onset (41, 47), indicating that passive transfer of Ab from the serum was unlikely.



Aggregation of Activated and Isotype-Switched B Cells Occurs in Meningeal and Perivascular Spaces

Diverse B cell differentiation phenotypes in TMEV-IDD spinal cords, including extensive isotype-switched ASC/Bmem accumulation and ItAb synthesis in chronic TMEV-IDD, provided evidence for CNS-compartmentalized B cell responses, a phenomenon suggested to occur during the chronic and progressive phases of MS (66).

To determine B cell localization and possible ELF involvement in fostering immune responses during chronic TMEV-IDD, we examined B cells in spinal cords with intact meninges by immunofluorescent staining. We utilized the basement membrane component laminin to delineate vasculature and the meninges, common sites for immune cell aggregation in the CNS (18, 29, 36, 39). B cells were identified via B220, a surface marker present on immature and mature B cells but downregulated on terminally differentiated plasma cells, whereas IgG was utilized to identify isotype-switched B cells, including IgG expressing ASC and Bmem (Table 1). Analysis of B220+ (Figure 3A) or IgG+ (Figure 3B) cell localization relative to laminin in cervical and thoracic spinal cord sections showed prominent B cell infiltration in parenchymal, meningeal, and perivascular spaces. Both B220+ and IgG+ B cells accumulated proximal to the central canal, within the ventral midline vasculature, with evident perivascular cuffing, and frequent aggregation in the ventral lateral meninges, analogous to leptomeningeal immune cell aggregations present in MS patients.
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FIGURE 3. B cell localize to the meninges, perivascular, and parenchymal space in the Theiler's infected spinal cord. TMEV-infected decalcified spinal cords at day 130 p.i. were stained with DAPI (blue), laminin (green) and (A) B220 or (B) IgG (red) as indicated. Representative z stack projected compilations revealing B cell aggregation in the central canal, ventral midline, perivascular space, and ventral lateral meninges. White boxes indicate region selected for cropped insets in each image. White arrows highlight positive B220 or IgG staining as indicated. Z stack compilations represented 6-8 TMEV-infected mice. Scale bar = 50μm.





CNS Inflammatory Aggregates Accumulate in the Absence of Ectopic Lymphoid Follicle Markers

B220+ and IgG+ B cell accumulation within perivascular and meningeal regions led us to examine if these cellular aggregations displayed hallmark SLO-like ELF characteristics, including evidence for spatial organization, differentiation, and antigen-driven selection. Spatial organization was examined by identifying the localization of T cells, key immune cells involved in initiating and organizing ELF formation and in promoting antigen-driven B cell activation, differentiation, and survival (16, 35, 67). Immunofluorescent staining of CD3+ T cells and IgG+ B cells demonstrated T cells aggregated with isotype-switched IgG+ B cells in the ventral lateral meninges and ventral midline, although there was no evidence for a discrete organization of T and B cell regions, a characteristic feature of SLO and SLO-like ELF (Figure 4A). To evaluate B cell differentiation within the CNS compartment, we simultaneously assessed B220 and IgG B cell localization and aggregation within perivascular and meningeal cellular infiltrates. Co-staining of B220 and IgG within spinal cord sections revealed frequent localization of B220+, IgG+, and occasional B220+ IgG+ double-positive cells within cell aggregations in the ventral lateral meninges and ventral midline vasculature with minimal evidence of organized clusters containing IgG and B220-expressing B cells (Figure 4A).
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FIGURE 4. Immune cells aggregate in TMEV-IDD spinal cords in absence of conventional SLO-like ELF features. TMEV-infected decalcified spinal cords from day 130 p.i. were stained and assessed for markers of SLO-like ELF. Spinal cord representative images depict the ventral meninges and the ventral midline, regions with frequent cellular aggregation. White boxes indicate the region cropped for insets within each image. (A) CD3 or B220 (green), IgG (red), and DAPI (blue) were co-stained to assess co-aggregation and organization of infiltrating immune cells. Inset within IgG B220 costained representative shows B220+IgG+ double-positive B cell. (B) Ki-67 or caspase-3 (green), IgG (red) and DAPI (blue) were used to determine cell proliferation and cell death in B cell-containing aggregates. White arrows indicate presence of Ki-67 or caspase-3 immunoreactivity. (C) FDC presence in cellular aggregates was assessed in TMEV-IDD spinal cords using CD21/35 (green) with DAPI (blue) and IgG (red). As a positive control, CD21/35 immunostaining was confirmed at day 27 p.i. in CLN tissue using CD21/35 (red) and DAPI (blue). White box within CLN indicates the region cropped for the representative image (right) highlighting CD21/35+ cells. (D) GC B cells in TMEV-IDD spinal cords were identified using GL7 (green), with IgG (red), and DAPI (blue). CLN tissue (day 27 p.i.) was used to verify GL7 (green) immunostaining with B220 (red) and DAPI (blue). White box with CLN indicates the region cropped for the representative image (right) highlighting GL7+ B220+ (yellow) GC B cells. Representative z stack compilations from 6-8 mice. Scale bar = 50μm.



Although cellular organization akin to SLO was not evident, simultaneous accumulation of T cells with immature, mature, and isotype-switched B cells in meningeal and perivascular spaces of TMEV-IDD spinal cords was apparent. To further evaluate whether immune cell aggregates expressed common features of SLO-like ELF, we utilized markers of proliferation and cell death, events indicative of ongoing antigen-driven selection within germinal center (GC) reactions in SLO and ELF (13, 16). Proliferation was assessed using Ki-67, and active caspase-3 was used as an indicator of apoptosis (Table 2). Immunohistochemical analysis of Ki-67 and caspase-3 expression revealed sparse immunoreactivity within meningeal and perivascular cellular aggregates containing IgG+ cells (Figure 4B). Further evaluation of perivascular and meningeal aggregates also showed the absence of the follicular dendritic cell (FDC) marker CD21/35, indicating an absence of FDCs, a specialized stromal cell in SLO and ELF involved in trapping and presenting antigen in B cell follicles and in secretion of B cell supporting chemokines, adhesion molecules, and trophic factors (Table 2; Figure 4C) (14). To evaluate GC formation, structures essential for antigen-driven selection, somatic hypermutation, and isotype switching, we utilized GL7, a surface antigen present at high levels on GC B cells during GC reactions in SLO and ELF (Table 2) (52, 68). Immunostaining of TMEV-IDD spinal cords showed no evidence of GL7 immunopositivity within immune cell aggregates containing IgG+ B cells (Figure 4D). Thus, histological assessment revealed minimal evidence for SLO-like ELF formation.



CNS Infiltrating B Cells Display Elevations in Activation Markers During Chronic TMEV-IDD

The absence of detectable GL7 expression in spinal cords by IHC was further confirmed by flow cytometry, a more sensitive method of detection. Flow cytometry showed minimal evidence for spinal cord-infiltrating B cells expressing a conventional GL7hi GC phenotype as depicted in the TMEV-IDD CLN (Figures 5A,B; red box), though modest GL7 expression was observed on a small proportion of spinal cord-infiltrating B cells (Figures 5B,C). Among GL7-expressing B cells in the spinal cord, the mean fluorescence intensity (MFI) was comparable to GL7int “activated” B cells (Table 1) in the CLN (Figures 5A,B) (23, 52, 68). GL7 expression analysis identified 10% or approximately 800 infiltrating B cells as expressing an “activated” GL7int phenotype, with minimal detection of GL7hi or “GC” phenotype infiltrating cells (Figure 5D). In TMEV-IDD spinal cords, GL7int B cells were mostly IgD−, confirming that the GL7 expression was elevated on activated/transitional B cells (data not shown). Observed GL7int expression among a proportion of B cells within the spinal cord implied these B cells had acquired an activated phenotype.
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FIGURE 5. CNS-infiltrating B cells express markers of activation. (A) Histogram depicts GL7 expression on CLN CD19+ cells (blue) as a positive control, spinal cord CD45− (astrocytes/neurons/oligodendrocytes; gray) as a negative control, and spinal cord-infiltrating CD19+ B cells (black). Dotted line delineates cutoff for positive gating of GL7. (B) Representative dot plot of GL7 expression with CLN (day 27 post infection -p.i.-) demarcating activated/pre-GC GL7int (black box) and germinal center (GC) phenotype GL7hi (red box) with the same gating applied to the representative smoothed dot plot of B cells isolated from the chronic TMEV-IDD spinal cord. (C) Histograms of the mean fluorescence intensity (MFI) of GL7 expressing cells among spinal cord CD45hi CD19+ cells identifying minimal GL7int (black) activated B cells and GL7hi (red) GC phenotype B cells. (D) Stacked bar graphs display the mean ± SEM percentage (left bar and axis) and mean ± SEM number (right bar and axis) of GL7int and GL7hi B cells within total CD45hi CD19+ GL7+ spinal cord infiltrating B cells. (E) Histogram depicts CD80 expression among CLN CD19+ B cells (blue) at day 27 p.i. showing restricted CD80+ cells, CD45− (astrocyte/neurons/oligodendrocyte; gray) expression as a negative control, and CD45hi CD19− non-B cell immune cells (red) expression as a positive control. CD80 expression on CD45hi CD19+ spinal cord infiltrating B cells is depicted in black. Dotted line delineates cutoff for gating CD80 positive cells. (F) CD45hi CD19+ B cells and scatter plot showing individual percentages and group mean ± SEM of CD19+ CD80+ B cells within the spinal cord at day 130 p.i. (G) Representative dot plot showing expression of CD80+ predominately on IgD− B cells in the spinal cord with corresponding percentages for each population indicated within the table inset. Results represent three independent experiments with 6 to 8 mice per experiment.



Following stimulation, including CD4 T cell-dependent help, GL7 surface expression is moderately upregulated, increasing B cell activation and functional capabilities, including antigen presentation (52, 53). To further assess B cell activation, we quantified the expression of CD80, a costimulatory molecule upregulated following stimulation by factors including BCR or CD40 engagement which, upon signaling, enhances B cell survival, proliferation, and differentiation (54, 69). Analysis of CD80 surface expression among CD45hi CD19+ B cells revealed expression on approximately 80% of infiltrating B cells (Figures 5E,F). Among CD80+ B cells, the majority were an IgD− phenotype, indicating CD80+ B cells include highly-activated, transitional, and/or Bmem phenotypes (Figure 5G). Extensive CD80 expression on CNS-infiltrating B cells suggested most B cells accumulating during chronic TMEV-IDD display an activated phenotype possibly driven by antigen and CD4 T cell-mediated help (54, 70, 71), or perhaps, by polyclonal activation (72).



Elevated Transcript and Protein Levels of B Cell Trafficking Chemokines and Factors Supporting Differentiation and Survival

Heterogeneous B cell differentiation phenotypes, including B cells displaying an activated phenotype, accumulating in parallel with intrathecal Ab synthesis led us to examine if cellular aggregations were still associated with factors involved in fostering B cell activation, survival, and accumulation in the absence of SLO-like ELF. Therefore, we evaluated whether factors promoting B cell trafficking, differentiation, and survival were present in chronic TMEV-IDD. IL-21 is a cytokine produced predominately by CD4 T cells and is essential for promoting B cell survival and differentiation (73, 74). Additionally, IL-6, BAFF, and APRIL are cytokines which play crucial roles in B cell survival and differentiation and are primarily produced by astrocytes within the CNS during viral infection and autoimmunity (19, 75–77). Gene expression analysis of these factors revealed constitutive expression of IL-21, IL-6, BAFF, and APRIL within spinal cords (Figure 6A), consistent with previous studies highlighting basal expression within CNS tissue (21, 25).
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FIGURE 6. B cell accumulation in the central nervous system coincides with enhanced transcript expression of B-cell supportive chemokines. (A) Relative gene expression levels for IL-21, BAFF, APRIL, IL-6, CXCL9, CXCL10, CXCL12, CCL19, CXCL13 in the spinal cords of individual sham and chronic TMEV-infected mice (day 130 post-infection -p.i-), normalized by the housekeeping gene glyceraldehyde phosphate dehydrogenase (GAPDH) with mean ± SEM plotted for each group. (B) Scatter plot showing fold-changes in cytokine and chemokine expression compared to sham mice. The fold-change was obtained by normalizing the gene expression number to those of GAPDH, then comparing the samples to the average GAPDH-normalized gene expression in sham mice. Data depict the means ± SEM for at least 6 to 8 individual infected mice and 2 sham mice derived from three independent experiments. Significant differences between sham and infected are indicated (*P < 0.05; **P < 0.005). In all cases, a P value of <0.05 was considered significant, as determined by an unpaired Student's t-test or Mann-Whitney U-test.



Further comparisons among sham-treated and TMEV-IDD mice showed modest upregulation of IL-21 (p = 0.06), with significant upregulation of APRIL (p = 0.01) and BAFF (p = 0.01) transcripts. IL-6 transcript levels were comparable to sham-treated mice (Figure 6A). Overall, IL-21, APRIL, and BAFF mRNA levels in TMEV-IDD spinal cords were twice as high as shams (Figure 6B).

CXCL9, CXCL10, CCL19, CXCL12, and CXCL13 are important for B-cell related trafficking and organization and are known to be produced in the CNS (21, 27, 32, 78). Analysis of chemokine transcript levels revealed constitutive expression of CCL19 and CXCL12 in spinal cords (Figure 6A), confirming previous results of basal expression in the CNS (21, 25). In TMEV-IDD mice, CXCL9 (p = 0.003), CXCL10 (p = 0.01), CCL19 (p = 0.002), and CXCL13 (p = 0.001) mRNA levels were all significantly increased compared to shams. Overall, CXCL13 showed a ~200-fold increase in expression, CXCL9 a ~100-fold increase in expression and CXCL10 a ~20-fold increase in expression, when TMEV-IDD spinal cords were compared to sham spinal cords (Figure 6B). Conversely, CXCL12 mRNA levels were similar in the spinal cords of TMEV-IDD and sham-treated mice.

To confirm that elevated transcript levels resulted in enhanced protein levels in the CNS compartment, we also evaluated protein levels in CSF from sham-treated and TMEV-IDD mice for all analytes previously tested by gene expression available for quantification by Luminex magnetic bead assay. Assessment of B cell differentiation and supporting factors, IL-21 and IL-6, confirmed previous gene expression results with minimal alterations in protein levels for both analytes in TMEV-IDD CSF samples compared to controls and overall low expression ranging from 10-30 pg/ml (Figure 7A). Further analysis of B cell trafficking and organizing chemokine protein levels revealed a modest increase in CXCL9 production in TMEV-IDD CSF (mean = 227 pg/ml) compared to sham (mean = 143 pg/ml), although results did not approach significance. Similarly, CXCL12 showed elevated production in TMEV-IDD (mean = 352 pg/ml) compared to sham (mean = 193 pg/ml) although results were only near to significance (p = 0.09). CCL19 and CXCL13 both displayed significantly increased expression, with CCL19 reaching an average of 689 pg/ml in TMEV-IDD CSF compared to sham levels of approximately 319 pg/ml (p = 0.02) and CXCL13 exhibiting the highest protein levels of CXCL13 at an average of 7820 pg/ml compared to sham levels of 2249 pg/ml (p = 0.01), coinciding with high upregulation in transcript levels detected by gene expression analysis in TMEV-IDD spinal cords. Conversely, CXCL10 protein levels in sham and TMEV-IDD spinal cords diverged from transcript levels, with comparable CXCL10 protein levels in sham and TMEV-IDD CSF (~1600 pg/mL), though CXCL10 protein levels in the CSF showed the second highest expression among all analytes assessed.
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FIGURE 7. Selective B cell supportive chemokines are elevated in the cerebrospinal fluid during chronic TMEV-IDD. (A) Cerebrospinal fluid (CSF) levels (in pg/mL) and (B) CSF/serum ratios of B cell supporting cytokines in sham (n = 3–4) and chronic TMEV-infected mice (n = 11–12) at day 130 post-infection (p.i.) collected from three independent experiments. CSF levels are expressed as mean ± SEM for each group and CSF/serum ratios are expressed as dot plots showing individual values and the mean ± SEM for each group. Significant differences between sham and TMEV-infected mice are indicated (*P < 0.05; **P< 0.005) as determined by an unpaired Student's t-test.





B Cell Trafficking and Organizing Chemokines Are Intrathecally Produced During Chronic TMEV-IDD

The above data showing elevated transcript and protein levels of B cell trafficking and organizing chemokines led us to examine if these factors were also intrathecally produced. To assess if elevation in intrathecal production of B cell-related chemo-attractants and trophic factors was evident in the CSF of TMEV-IDD mice, we evaluated protein levels of B cell chemokines in the CSF and serum to establish a CSF/serum ratio. Results revealed moderately increased CXCL9 and CCL19 (p = 0.06) CSF/serum ratios, with significant increases in CSF/serum ratios among CXCL13 (p = 0.03) and CXCL12 (p = 0.005) in TMEV-IDD compared to sham-treated mice (Figure 7B). IL-6 and CXCL10 CSF/serum ratios revealed minimal alterations in chronic TMEV-IDD compared to sham-treated CSF samples. Elevated CSF/serum ratios in the absence of detectable increased BBB permeability [(47); manuscript submitted] suggest intrathecal production is responsible for the observed elevations in B cell trafficking chemokines in the CNS compartment.




DISCUSSION

Our experiments focused on elucidating B cell phenotypes and factors promoting persistent accumulation in the CNS compartment during chronic TMEV-IDD. Previous studies have shown a prominent involvement of the B cells in the CNS compartment during TMEV-IDD, including robust ItAb production and IgG+ and CD138+ B cells localizing to the CNS (47). Further studies highlighting upregulated B-cell immune response pathway genes in the deep CLN during the early phase of the disease and a relative downregulation during chronic TMEV-IDD also suggested a shift in B cell inflammation from the peripheral to CNS compartment during chronic TMEV-IDD (79). The spectrum of B cells involved in the CNS and their localization and organization within the CNS has not been extensively investigated and served as the foci of this work.

Our studies demonstrate that within the CNS during the progressive phase of TMEV-IDD, activated and isotype-switched B cells, including Bmem and ASC preferentially accumulate relative to other B cell phenotypes. These cells likely underlie the observed elevations in CSF Ab production, including ItAb of IgG1, IgG2a, IgG2b, IgG3. Present results revealed that the majority of CD138+ ASC express MHCII, indicating a plasmablast phenotype. Our data, as well as previous studies in TMEV-IDD (47), have shown that few CD138+ ASCs display Ki-67 immunopositivity, suggesting their proliferative capacity is decreased (47). It is possible that our flow cytometry results are skewed toward detecting a plasmablast phenotype B cell due to downregulation of CD19 on terminally differentiated plasma cells (80). However, other viral-induced encephalitic models such as MHV and Sindbis have confirmed high percentages of CNS-infiltrating CD138+ MHCII “plasmablast” phenotype B cells in the inflamed CNS (24). Since most classical plasmablasts continue to proliferate and thus are Ki-67+, the isotype-switched B cells exhibiting a CD19hi, CD138+, MHCII+ Ki-67− phenotype in our experiments may represent a B cell phase intermediate between a plasmablast and terminally differentiated plasma cells, such as the early differentiated CD138hi MHCII+ plasma cell phenotype previously documented in kidney inflammation and observed following sheep red blood cell immunization (80, 81). MHCII-expressing ASCs have essential implications during neuroinflammation as MHCII+ ASC can not only sustain Ab production but can also engage in antigen presentation to potentiate local immune responses.

B cell phenotyping in chronic TMEV-IDD spinal cords also highlighted extensive CD80+ B cell infiltration, suggesting the majority of accumulating B cells exhibit an activated phenotype associated with an enhanced capacity for antigen presentation, cytokine production, survival, and differentiation (54, 82). CD80 is also upregulated on Bmem (55, 56, 83). During chronic TMEV-IDD a high proportion of spinal cord-infiltrating B cells expressed an isotype-switched, differentiated phenotype (~70%), yet only 20% of total CD19+ were CD138+ ASC. These data, in combination with the observed high number of CD80+ B cells, suggest CD138− isotype-switched B cells are Bmem in chronic TMEV-IDD. Future studies validating the presence of Bmem during chronic TMEV-IDD are required to assess conventional surface molecules present on murine Bmem, including co-expression of CD80 with PD-L2 and CD73 (84, 85). Investigating Bmem during chronic TMEV-IDD will be essential for our understanding of B cells in chronic demyelinating disease, including MS, as Bmem are antigen-experienced cells with potent antigen presentation capabilities, producing large amounts of pro- and anti-inflammatory cytokines, and have the potential to rapidly convert into antigen-specific ASC to sustain CNS-compartmentalized Ab synthesis (86, 87).

The maintenance of diverse B cell phenotypes within the CNS during neuroinflammatory diseases, including MS, is suggested to occur by two different mechanisms: (1) continuous recruitment from the peripheral compartment (88, 89) and (2) CNS compartmentalized inflammation, such as ELF formation (36, 37, 39, 90–92). In chronic and progressive MS, evidence for CNS compartmentalized B cell activity is supported by the relative absence of new gadolinium-enhancing lesions in the CNS caused by inflammatory cells derived from the periphery, and relatively reduced effectiveness for peripherally administered disease-modifying therapies, including anti-CD20, in eliminating CSF B cells (12, 93, 94). Furthermore, CNS compartmentalized inflammation including meningeal leukocyte aggregates, CSF B cells, and ItAb is associated with disease progression in MS (39). However, there is a significant gap in our understanding of the factors required for supporting B cell localization and functional activity within the CNS, including ELF formation, in MS and its animal models. During chronic TMEV-IDD as shown above, ItAb synthesis coincided with the accumulation of heterogeneous B cell subsets, including mature and isotype-switched B cells, frequently aggregating within meningeal and perivascular regions of the spinal cord, often localizing with T cells. Meningeal inflammatory aggregates lacked several conventional features of SLO-like ELF necessary for driving local B cell differentiation into antigen-specific Bmem or ASC. Spatial organization, heightened proliferation and cell death indicative of antigen-driven selection, FDC stromal networks, and detectable GL7 expression were all absent in chronic TMEV-IDD, a finding similar to previous studies in viral-induced demyelination models of MS and B cell-dependent EAE models (23, 29).

Use of the term ELF in the CNS encapsulates a diverse array of lymphoid tissue-like organization, and it remains to be determined if meningeal or perivascular aggregations can exhibit all the features of SLO-like ELF. The potential for the CNS to create an immune-competent environment resembling an SLO-like ELF requires a supportive stromal cell network to provide conventional trafficking and organizational chemokines such as CXCL12, CXCL13, CCL19/CCL21 and pro-inflammatory cytokines, including IL-17 and LTα, which can induce and perpetuate lymphocyte accumulation and organization (18). In our studies, conventional B cell trafficking, organizing, and trophic factors were expressed in the CNS and may aid heterogeneous B cell phenotype accumulation and ItAb synthesis. These common features of meningeal aggregations during neuroinflammation occurred in the absence of SLO-like ELF formation and GC markers essential for fostering antigen-driven selection of immune cells and inducing somatic hypermutation, class switch recombination, and local differentiation. Specifically, discretely organized T and B cell follicles, supportive FDC stromal cells, Ki-67+ proliferating and caspase-3+ cells indicating ongoing antigen-driven selection, and germinal center GL7hi B cells were searched for, but not found, in our studies in the chronic phase of TMEV-IDD.

The characteristics of the meningeal and perivascular clusters of inflammatory cells in TMEV-IDD may present insights into the controversial issues surrounding the existence and role of ELFs in MS. Patients with RRMS and progressive forms of MS exhibit meningeal inflammatory aggregates (18, 36, 37, 39, 95–99), yet the presence of leukocyte aggregations does not confirm the meninges provide a niche for SLO-like ELF formation. Moreover, the pathology and molecules associated with meningeal inflammation have not been definitively determined. For instance, in MS there is no evidence thus far that the leukocyte aggregations in the CNS involve somatic hypermutation, including activation-induced deaminase (AID) expression, an enzyme essential for hypermutation of variable Ig genes and increased B cell receptor affinity for the antigen. In the viral-induced mouse model of demyelination, MHV, CNS inflammatory aggregates were observed yet AID transcript expression was absent among sorted B cells isolated from the CNS (21). Thus, leukocyte aggregations described in the CNS in MS may more closely resemble the “immature,” non-SLO-like ELFs described in our experiments in TMEV-IDD, in contrast to ELFs outside of the CNS in chronic inflammatory diseases which are more SLO-like such as inducible forms of lymphoid tissue, i.e., iBALT (13, 16). This difference between CNS lymphoid aggregates and ELFs in inflammatory conditions outside of the CNS may be due to an inherent inability of the CNS to develop and organize SLO-like ELFs, even with chronic inflammation.

Our studies did not document SLO-like ELF in driving B cell persistence in the CNS compartment but revealed frequent immune cell aggregation within meningeal spaces. Moreover, upregulation of markers, including GL7 and CD80, on B cells in chronic TMEV-IDD suggests the majority are highly activated and may be antigen-experienced (52–54, 68, 69). It remains unclear whether B cells acquire an activated phenotype in the peripheral or CNS compartment or the exact mechanisms driving activation (polyclonal activators vs. CD4 T cell help). Frequent immune cell aggregation in both meningeal and perivascular spaces and CNS-infiltrating B cells displaying an activated/helped phenotype suggest CD4 T cell-dependent activation may occur in the CNS compartment. The meninges are known to be a niche for harboring cells essential for promoting ongoing T cell activation and effector responses, suggesting B cell activation may be supported by similar mechanisms (100, 101). The abundance of T cells in meningeal and perivascular aggregates in the CNS during chronic TMEV-IDD resembles immune aggregates described in other viral infections of the CNS as well as in SPMS patients (23, 29, 37). Although studies examining B and T cell contact-dependent interactions within the CNS remain limited, following MHV infection, B and T cell interactions were evident within meningeal spaces in the brain which may promote local B cell activation (23). It remains to be determined if CD4 T cells are necessary and/or sufficient for propagating B cell activation, sustained accumulation, and potential differentiation in the CNS in mouse models of MS and MS patients. An important factor derived from T cells which supports B cell survival and differentiation in SLO, IL-21, showed minimal elevations during chronic TMEV-IDD in contrast to reports of elevated IL-21 production in the CNS during the acute phase of viral-induced encephalitis (21, 25). Nonetheless, increased GL7 and CD80 expression suggests most infiltrating B cells during chronic TMEV-IDD exhibited a contact-dependent CD4 T cell “helped” phenotype. Further studies are needed to determine if T cell secreted factors or contact-dependent mechanisms are essential for sustaining B cell accumulation and activation within the CNS compartment.

Our results and previous studies (19–21, 25, 27, 28) highlight that diverse factors may foster persistent B cell accumulation and ItAb in the CNS compartment. These factors may range in complexity from the expression of adhesion molecules such as CEACAM1, which alone can promote meningeal aggregation, to ectopic expression of lymphoid chemokines, cytokines and trophic factors supporting aggregation, to well-defined ELF resembling SLO (16, 18, 35, 102). Our study demonstrates that fully developed ectopic germinal centers are not required to support diverse B cell phenotypes and chronic CNS ItAb production. Irrespective of the level of organization, meningeal aggregates have been extensively associated with underlying cortical demyelination, gray matter pathology, diffuse axonal and neuronal loss (95–99, 103, 104). Thus, it is imperative to further delineate factors supporting meningeal aggregations, as potential mechanisms for dissociating pathogenic inflammatory aggregations in MS and other neuroinflammatory diseases will likely depend on the level of organization and molecular/cellular factors sustaining these structures. A limitation of the current study characterizing CNS compartmentalized inflammation in a chronic model of MS is the absence of mechanistic studies linking inflammatory aggregates with disability and/or neurodegeneration. Nonetheless, our data provide an important platform for investigating the role of inflammatory aggregates in neurodegeneration and for probing targets to disturb aggregates. Previous studies documenting neuronal death, axonal damage, and demyelination within the ventral regions of the spinal cord (40, 46, 105–107) in concert with our findings of frequent inflammatory aggregation in the ventral spinal cord, suggest a possible role of inflammatory aggregates in adjacent neurodegeneration.

Overall, the data show the ability for the CNS to foster isotype-switched B cell accumulation, ItAb synthesis, and production of B cell related chemokines and trophic factors, and meningeal inflammatory aggregates within the CNS compartment during a chronic, progressive mouse model of MS.
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IL-1β and IL-18 are pro-inflammatory cytokines that are linked to inflammation. Activation of the NOD-like receptor protein 3 (NLRP3) inflammasome is involved in the maturation and secretion of IL-1β and IL-18 and, thus, plays a key role in the pathogenesis of many inflammatory conditions, including multiple sclerosis (MS). OLT1177™ (Dapansutrile) is a newly developed drug that is safe in humans and inhibits specifically the NLRP3 inflammasome. In the present study, we investigated whether OLT1177 exerts therapeutic effects in experimental autoimmune encephalomyelitis (EAE), a mouse model of MS. We found that EAE mice fed an OLT1177-enriched diet prophylactically were significantly protected against functional deficits and demyelination in the spinal cord. We also demonstrated that prophylactic oral administration of OLT1177 led to marked reduction (~2- to 3-fold) in the protein levels of IL-1β and IL-18, as well as, IL-6 and TNFα, in the spinal cord of EAE mice. Moreover, prophylactic oral administration of OLT1177 significantly attenuated the infiltration of CD4 T cells and macrophages in the spinal cord. We also demonstrated that oral administration of OLT1177, starting at disease onset, resulted in significant amelioration of the clinical signs of EAE. Overall, these first data suggest that OLT1177 could have clinical benefit for the treatment of MS in humans.
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INTRODUCTION

Cytokines are critically involved in the course of a myriad of inflammatory diseases, such as MS (1). MS is a chronic, neuroinflammatory and demyelinating disease of the central nervous system (CNS) that affects around 2.5 million people worldwide. The etiology of MS is still poorly understood, but it is well-established that demyelination and further neurodegeneration are linked to neuroinflammation since infiltrated and activated resident immune cells are present in all stages of MS and in all patients (2–5).

Clinical studies have shown that progression of MS correlates with the dysregulation of some cytokine networks within the CNS (1, 6). IL-1β and IL-18 are two members of the IL-1 family with broad pro-inflammatory actions (7, 8) and both are significantly elevated in MS patients (9–12). Pharmacological blockade or genetic removal of IL-1β or IL-18 resulted in protection against the development of experimental autoimmune encephalomyelitis (EAE), the murine model of MS (13–16). Interestingly, it has been described that families that are characterized by high IL-1β over IL-1 receptor antagonist production ratio have increased risk to develop MS than families with a low ratio (17).

IL-1β and IL-18 are produced as inactive precursors and require the cleavage by caspase-1 to become active (18). The activation of caspase-1 is mediated by the oligomerization of multi-protein complexes, known as inflammasomes (19, 20). To date, several inflammasomes have been described. Nonetheless, the NOD-like receptor protein 3 (NLRP3) is the most extensively studied.

The contribution of the NLRP3 inflammasome to human diseases has been demonstrated by studies revealing constitutively active forms of NLRP3 by mutations within the Nlrp3 locus. The mutations correlate to autoinflammatory syndromes, such as Muckle-Wells syndrome, cryopyrin-associated periodic syndrome and familial cold autoinflammatory syndrome (21, 22). Indeed, NLRP3 inflammasome has been related to many human diseases, such as gout, type II diabetes and CNS diseases, such as MS (23–26). NLRP3 inflammasome also play a critical role in EAE pathogenesis since Nlpr3-deficient mice undergo milder EAE severity (27, 28). Similarly, administration of MCC950, a small NLRP3 inflammasome inhibitor, has shown efficacy in EAE mouse models (29, 30), suggesting the NLRP3 inflammasome as a new potential target for the treatment of MS.

OLT1177 (Dapansutrile) is a specific inhibitor of the NLRP3 inflammasome. OLT1177 is active in vivo and limits the severity of endotoxin-induced inflammation and joint arthritis (31). This drug was initially formulated as a candidate for the topical treatment of degenerative arthritis and subsequently the oral form was developed. Just as the topical gel, the oral capsules also are demonstrating that OLT1177 is safe and well-tolerated in humans (31, 32). In the current study, we assessed whether OLT1177 exerts therapeutic effects in a chronic model of EAE. We revealed that oral administration of OLT1177 mediated marked anti-inflammatory actions and ameliorated EAE severity in mice.



MATERIALS AND METHODS


Experimental Autoimmune Encephalomyelitis

Female adult C57BL/6 (8–10 weeks old; Charles River Laboratories) were sedated with intramuscular injection of a mixture of ketamine (22 mg/kg) (Imalgen 1000, Merial) and xylazine (2.5 mg/kg) (Rompun, Bayer). EAE was actively induced by subcutaneous immunization with 300 μg of myelin oligodendrocyte glycoprotein peptide 35–55 (MOG35−55 MEVGWYRSPFSRVVHLYRNGK, Thermo Fisher Scientific, MA, USA) in 200 μl Complete Freund's Adjuvant (CFA) (Difco, MI, USA) supplemented with 4 mg/mL of heat inactivated Mycobacterium tuberculosis (Difco, MI, USA). Intraperitoneal (i.p.) injections of 400 ng of pertussis toxin (Sigma-Aldrich, ON, USA) in 100 μl sterile saline were also administered at the day of induction and again 48 h later. All the mice were housed with food and water ad libitum at a room temperature of 22 ± 2°C under 12:12 h light-dark cycle.



Drug Administration

EAE-induced mice were randomly assigned to the OLT1177 treatment and control experimental groups. OLT1177 was administered orally or intraperitoneally.


Oral OLT1177 Administration

EAE-mice were fed either an OLT1177-enriched diet or standard food diet from the day same of the EAE induction. The composition of the food was identical, except that OLT1177-enriched food contained 3.75 g per kilogram of food. Standard and OLT1177-enriched food were prepared by Research Diets (New Brunswick, NJ, USA). Food and water were provided ad libitum for the entire length of the study, or 23 days post-EAE induction.



Intraperitoneal OLT1177 Administration

OLT1177 solubilized with sterile saline and administered i.p. daily until the end of the study (21 days). Two different administration protocols were tested: (i) 200 mg/kg OLT1177 injected once per day starting on the day of the EAE immunization; and (ii) 60 mg/kg OLT1177 injected twice a day starting on the day of the EAE induction. Control mice were administered saline on the same days.



Oral Gavage OLT1177 Administration

OLT1177 was solubilized with distilled water and administered daily (60 mg/kg), twice per day, by oral gavage. Treatment was initiated on the first day the animals displayed the first signs of EAE until the end of the follow up. Control mice were administered distilled water on the same days.




Functional Evaluation

Mice were scored daily from day 0 to 21 or 23 after induction of EAE. The researcher was blind to the experimental groups during the functional evaluation. A 6-point scale was used to evaluate the clinical signs of EAE: 0 = normal walking, 0.5 = partially paralyzed tail, 1 = fully paralyzed tail, 2 = mild hind limb weakness, quick righting reflex, 3 = severe hind limb weakness, slow righting reflex, unable to bear weight, 3.5 = severe hind limb weakness and partial paralysis of hind limb, 4 = complete paralysis of at least one hind limb, 4.5 = complete paralysis of one or both hind limbs and trunk weakness, 5 = complete paralysis of one or both hind limbs, forelimb weakness or paralysis, 6 = mouse is found death by EAE.



Histological Analysis

EAE mice were euthanised at either day 21 or 23 post-immunization with an overdose of pentobarbital sodium (Dolethal) and transcardially perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB). Lumbar segments of spinal cords were harvested, post-fixed in 4% PFA for 2 h and cryoprotected in 30% sucrose in 0.1 M at 4°C for at least 48 h. Spinal cords were embedded in TissueTek OCT (Sakura), cut in transversal sections (15 μm-thick) with a cryostat (Leica) between L3 and L5 segments and serially picked up on gelatine-coated glass slides. Samples were stored at −20°C.

Sections were stained with Luxol Fast Blue (LFB) (Sigma Aldrich). Briefly, after a graded dehydration, sections were placed in 1 mg/mL of LFB solution in 96% EtOH and 0.05% acetic acid overnight at 37°C and protected from light. Then, slides were washed with 96% EtOH, rehydrated in distilled water and placed in a 0.5 mg/mL Li2CO3 solution for 3–5 min at room temperature. Finally, sections were washed in distilled water, dehydrated again in 100% EtOH and mounted in DPX (Sigma Aldrich). To assess the demyelinated area in the spinal cord, 6 random images per mice were captured at 10× magnification with an Olympus BX51 and the attached Olympus DP73 Camera. The total demyelinated area within the spinal cord was measured with Image J image analysis software.



Cytokine Protein Expression

EAE mice were euthanised 3 days after EAE onset with an overdose of pentobarbital sodium (Dolethal). Blood (500 μl) was obtained by cardiac puncture and centrifuged at 25,000 g for 10 min at room temperature to collect plasma separately from blood cells. Then, mice were transcardially perfused with 60 mL of sterile saline (0.9% NaCl). Spinal cords were harvested and rapidly frozen in liquid nitrogen. Protein isolation from the spinal cord samples and cytokine quantification was performed as we described previously (33). Protein levels of 6 cytokines (IL-1β, IL-18, IL-6, CXCL-1, TNFα, and IL-10) were analyzed using a custom-designed Cytokine Magnetic Bead Panel (Invitrogen) on a MAGPIX system (Millipore).



Fluorescence Activated Cell Sorting (FACS)

Immune cell infiltration was determined in the spinal cord of EAE mice at disease peak. Mice were euthanised with an overdose of pentobarbital sodium (Dolethal) and transcardially perfused with 60 mL of sterile saline (0.9% NaCl). Spinal cords were collected, cut in small pieces and enzymatically dissociated in 1 mL of Hank's Balanced Salt Solution (HBSS) without Ca2+/Mg2+ containing 0.1% collagenase and 0.1% DNase for 30 min at 37°C. Then spinal cords were mechanically disintegrated by passing them with Dulbecco's Modified Eagle Medium (DMEM)-10% fetal bovine serum (FBS) through a 70 μm cell strainer to obtain a cell suspension (33).

Cell suspensions were split into different 1.5 mL microcentrifuge tubes according to the number of antibody combinations. Cells alone and isotype-matched control samples were generated to control for non-specific binding of antibodies and for autofluorescence. For extracellular staining, the following antibodies from eBioscience were used at a 1:300 concentration: CD45-PerCP, CD11b-PE or -PE-Cy7, F4/80-PE or -APC, Ly6C-FITC, Ly6G-PE, CD3-FITC-APC-PerCP; CD4-APC-Cy7, CD8-APC, CD49b-PE, CD24-PE. Samples were incubated with the primary antibodies for 1 h at 4°C in soft agitation, washed with DMEM-10% FBS, centrifuged twice at 300 g for 10 min at 4°C to remove debris and then fixed with 1% PFA. For intracellular staining, the following antibodies from eBioscience were also used at 1:300 concetration: FoxP3-PE-Cy7, tBet-PerCP, RORγ-APC, and GATA3-PE. After extracellular staining, cells were fixed and permeabilizated using FoxP3 Transcription Factor Staining Buffer Set (eBioscience) for 40 min at 4°C. Then, samples were immunostained with the intracellular antibodies over nigh at 4°C. Finally, stained cells were washed with PBS twice and fixed with 1% PFA.

Samples were analyzed on a FACS Canto Flow Cytometer (BD Bioscience) and all data were processed using FlowJo® software V.10.



Statistical Analyses

Data are shown as mean ± standard error of the mean (SEM). The Kolmogorov-Smirnov test was used to check normality. Two tailed Student's t-test was used for the comparison between two different groups (histological analysis). One-way ANOVA was used for the comparison of two different doses and the control condition with post-hoc Bonferroni's test for multiple comparisons (cytokine assay, FACS analysis). EAE clinical score was analyzed by using two-way repeated measures ANOVA with post-hoc Bonferroni's test for multiple comparisons. Differences were considered significant at p < 0.05.




RESULTS


OLT1177 Administration in Daily Diet Ameliorates Neurological Decline and Nervous Tissue Damage in EAE Mice

We first aimed at investigating whether oral prophylactic treatment with OLT1177 led to beneficial effect in EAE. For this purpose, mice were fed a standard or OLT1177-enriched diet (3.75 g of OLT1177 per kg of food) from the day of the immunization until the end of the experiment. We found that OLT1177-enriched food ameliorated the neurological deficits of EAE disease (Figures 1A,B). We also observed that EAE mice fed the OLT1177 diet tended to show reduced weight loss, a feature associated with the disease progression. However, this effect was not statistically significant (Figure 1C).


[image: Figure 1]
FIGURE 1. OLT1177-enriched food enhances functional and histological outcomes in EAE. (A,B) Graph showing the evolution of the EAE clinical score (A), as well as, the cumulative and maximum EAE score (B) of mice fed a standard diet or a diet supplemented with 3.75 g per kg of food. (C) Plot showing the percent of weight of mice fed the standard and OLT1177-enriched food. (D,E) Graph showing the quantification of demyelination in the lumbar spinal cord of mice fed the standard food and 3.75 g/kg of OLT1177 at 23 days after induction (D) and representative spinal cord sections from each experimental group (E). *p < 0.05; **p < 0.01; ***p < 0.001, 3.75 g/kg vs. Standard food. Two-way repeated measures ANOVA, Bonferroni's post-hoc test in (A,C) (n = 11 per group); Student's t-test in (B) (n = 11 per group); and (D) (n = 8 for Standard food and n = 11 for 3.75 g/kg of OLT1177). Data shown as mean ± sem.


Next, we studied whether OLT1177 protected against demyelination. In line with functional outcomes, histological analysis revealed that spinal cords from mice fed the lower OLT1177 dose diet had ~2-fold reduced demyelination than mice receiving the standard food (Figures 1D,E).



OLT1177-Enriched Diet Modulates the Inflammatory Response in the Spinal Cord of EAE Mice

We next sought to investigate whether OLT1177 attenuated inflammation in EAE mice. With this aim, we first studied whether mice fed the OLT1177-enriched food reduced cytokine levels in the blood plasma and spinal cord of EAE mice at 3 days after disease onset. In plasma these analyses revealed that OLT1177 did not change the concentration of any of the six cytokines assessed samples (Figure 2A). In the spinal cord, however, protein levels for IL-1β and IL-18 were significantly reduced in mice fed the OLT1177 diet compared with mice fed the standard diet (Figure 2B), corroborating the NLRP3 inhibition within the spinal cord. Moreover, the OLT1177-enriched food also reduced the levels of TNFα, CXCL-1 and IL-6 but did not affect the levels of the anti-inflammatory, IL-10 (Figure 2A). These data suggest that OLT1177 mediates anti-inflammatory actions in the CNS of EAE mice.


[image: Figure 2]
FIGURE 2. OLT1177-enriched food attenuates the protein levels of pro-inflammatory cytokines in the spinal cord of EAE mice at 3 days after the disease onset. (A,B) Protein levels of IL-1β, IL-18, IL-6, CXCL-1, TNFα, and IL-10 in the plasma (A) and in the spinal cord (B) in EAE mice fed standard food, or 3.75 g/kg OLT1177. *p < 0.05 vs. Standard food. One-way ANOVA, Bonferroni's post-hoc test (n = 4 per group). Data shown as mean ± sem.


We then studied whether the reduction of cytokines in the spinal cord of EAE mice mediated by OLT1177 attenuated the accumulation of immune cells in the CNS at the peak of the disease or altered their phenotype. Flow cytometry analysis revealed that mice fed the OLT1177-enriched diet showed ~2-fold reduction in the infiltration of T cells (CD45+, CD3+), which was due to decreased counts of CD4 rather than CD8 T cells. The OLT1177-enriched diet also reduced the accumulation macrophages (CD45high, CD11b+, F4/80+), microglia (CD45low, CD11b+), and other cells (CD45+, CD11b−, CD3−, CD24+), but did not significantly decreased the counts of neutrophils (CD45high, CD11b+, F4/80−, Ly6G+) (Figure 3A, Supplementary Figures 1A–F). However, the OLT1177-enriched food did not lead to alteration in the polarization of CD4 T cells, as revealed by the expression of the transcription factors that identify Th1 (tBet), Th2 (GATA3), Th17 (RORγ) and the classical (FoxP3) and non-classical (CD49b) regulatory CD4 T cells (Figure 3B, Supplementary Figure 2A). Similarly, OLT1177 did not modify the proportion of pro-inflammatory (Ly6Chigh) and anti-inflammatory (Ly6Clow) macrophages (Figure 3C, Supplementary Figure 2B).


[image: Figure 3]
FIGURE 3. OLT1177-enriched food reduces the accumulation of immune cells in the spinal cord of mice at the peak of EAE. (A–C) Graphs showing the counts of different immune cell subsets in the spinal cord (A), the percent of CD4+ T cells expressing the transcription factors CD49b, FoxP3, tBet, GATA3, or RORγ (B) and the percent of different macrophage subsets according to Ly6C expression (C) in the spinal cord of mice fed standard food and 3.75 g/kg OLT1177 at the peak of EAE. *p < 0.05; **p < 0.01 vs. Standard food. One-way ANOVA, Bonferroni's post-hoc test (n = 4 per group). Data shown as mean ± sem.




Effects of Therapeutic Administration of OLT1177 in EAE Mice

We next sought to investigate whether OLT1177 mediates beneficial effects when administrated in EAE mice after disease onset. Since EAE mice undergo weight loss after disease onset due to reduced food intake, we aimed at delivering the OLT1177 by oral gavage once mice showed the first signs of the disease. For this purpose, and since the above described data reveal that OLT1177 losses efficacy at high doses, we first tested the effectivity of the prophylactic effects of two different OLT1177 administration regime in EAE: (i) single daily administration of OLT1177 (200 mg/kg mouse) from the day of the immunization; (ii) twice-daily administration of OLT1177 (60 mg/kg mouse) from the day of the induction. These experiments revealed that the single daily administration (200 mg/kg; i.p.) of OLT1177 did not prevent significantly neurological decline of EAE (Figure 4A), while the twice-daily dose of OLT1177 (60 mg/kg; i.p) ameliorated functional deficits and demyelination (Figures 4B–D).


[image: Figure 4]
FIGURE 4. Effects of prophylactic treatment of OLT1177 EAE mice. (A,B) Average EAE clinical score of mice treated with single-daily i.p. administration of 200 mg/kg (A) or twice-daily administration of 60 mg/kg OLT1177 (B). (C,D) Graph showing the quantification of demyelination in the lumbar spinal cord of mice treated with both OLT1177 doses (C) and representative images of lumbar spinal cord tissue sections stained against LFB from EAE treated with vehicle, single-daily 200 mg/kg and twice-daily 60 mg/kg of OLT1177 (D). *p < 0.05; **p < 0.01; ***p < 0.001 vs. Vehicle. Two-way repeated measures ANOVA with Bonferroni's post-hoc test in (A) (n = 12 in vehicle and n = 10 in OLT1177) and (B) (n = 9 in vehicle and n = 10 in OLT1177); Unpaired t-test in (C) (n = 9 in vehicle and n = 10 in OLT1177). Data shown as mean ± sem.


We then tested whether the twice-daily oral gavage (60 mg/kg mouse) of OLT1177, starting at disease onset, attenuated the clinical signs of EAE. We observed that mice treated with OLT1177 showed reduced neurological deficits despite treatment was initiated at disease onset. Indeed, mice treated with OLT1177 showed a reduction in ~1 point in the EAE score compared to mice given with vehicle (Figure 5A). Furthermore, OLT1177 also significantly reduced the cumulative and maximum clinical score in EAE (Figure 5B). In accordance to functional data, we also observed that OLT1177 protected against demyelination as revealed the histological analysis of LFB stained spinal cords (Figures 5C,D). These data support the beneficial effects of the therapeutic administration of OLT1177 in EAE.


[image: Figure 5]
FIGURE 5. Oral administration of OLT1177 mediate therapeutic effects in EAE. (A,B) Plot showing the course of the EAE clinical (A) and cumulative and maximum clinical EAE score (B) of mice treated with twice-daily oral gavage of OLT1177 (60 mg/kg) or vehicle from disease onset. (C) Graph showing the quantification of demyelinating in the spinal cord of vehicle- or OLT1177-treated mice at 21 days post-induction. (D) Representative LFB stained lumbar spinal cord sections from OLT1177- and vehicle-treated mice at 21 days post-immunization. *p < 0.05; **p < 0.01; ***p < 0.001 vs. vehicle. Two-way repeated measures ANOVA with Bonferroni's post-hoc test in (A) (n = 10 for vehicle and n = 7 for OLT1177). Unpaired t-test in (B) (n = 10 for vehicle and n = 7 for OLT1177) and (C) (n = 9 in vehicle and n = 7 in OLT1177). Data shown as mean ± sem.





DISCUSSION

MS is a highly disabling disease of the CNS that affects ~2.5 million people worldwide (2, 4, 34). There are currently some available therapies in the clinic for the treatment of MS. However, most of them show poor efficacy, especially in individuals who suffer from progressive MS. Moreover, they also have several side effects (35, 36).

Although the etiology of MS is still unknown, inflammation has a key implication in its physiopathology (2, 37). Pro-inflammatory cytokines, such as IL-1β or IL-18, have been extensively reported in mouse models to contribute to the pathogenesis of MS and EAE (9–13, 15, 16, 38). In this scenario, OLT1177 may emerge as an effective and safe candidate to treat this disease. OLT1177 is an active moiety discovered during the investigation of synthetic reactions containing chlorinating agents and methionine. OLT1177 inhibits the NLRP3 inflammasome, a macromolecular structure needed for the processing and release of IL-1β and IL-18, and has been shown in Phase I and II clinical trials to be safe when administered orally (and topically) in humans (18, 32).

In the current study, we reported that both oral and intraperitoneal OLT1177 administration exerted protective effects on functional and histological outcomes in EAE mice when given prophylactically. We uncovered that oral administration of OLT1177 to EAE mice decreased the concentration of pro-inflammatory cytokines in the spinal cord and the infiltration of immune cells. Importantly, therapeutic treatment of OLT1177 resulted in partial protection against neurological decline and demyelination when administered orally.

Previous reports revealed that OLT1177 inhibits specifically the NLRP3 inflammasome, and thus, prevents the autoproteolytic activation of caspase-1, needed for the processing and release of IL-1β and IL-18 (32). Caspase-1, together with IL-1β and IL-18, are increased in MS patients (9–12, 39). Pharmacological or genetic inhibition of either IL-1β or IL-18 protected against the pathogenicity of EAE (13–16, 38) suggesting an important role of NLRP3 in the pathogenesis of EAE. This is further supported by experiments using NLPR3-deficient mice, which displayed reduced EAE severity (27).

To our knowledge, there are two previous studies demonstrating that the pharmacological inhibition of the NLRP3 inflammasome, using a small molecule tool compound, MCC950, reduced functional impairments in a model of relapsing-remitting EAE when given prophylactically (29, 30). To this extent, we also showed the efficacy of the prophylactic inhibition of the NLRP3 inflammasome by OLT1177 in a model of chronic EAE, which is a more challenging condition.

A previous report demonstrated that mice fed an OLT1177-enriched diet reduced the clinical signs of arthritis (31). Here, we revealed that EAE mice fed an OLT1177-enriched food displayed enhanced functional and histopathological outcomes in a chronic model of EAE. These effects were likely due to the ability of this drug to reduce NLRP3 inflammasome activation, as revealed the lower protein levels of IL-1β and IL-18 in the spinal cord of EAE mice. We also found that OLT1177 in the diet led to marked attenuation of the levels of IL-6, a validated biomarker of IL-1β (40), CXCL-1 and TNFα in the spinal cord parenchyma of EAE mice. Importantly, OLT1177 did not reduced the protein levels of IL-10 in the spinal cord or blood of EAE mice, indicating that this drug is not altering the natural anti-inflammatory mechanisms to contain inflammation.

These data are consistent with the previous studies demonstrating the ability of this drug to reduce IL-1β and IL-6 levels in human monocyte-derived macrophages stimulated with LPS but also in animal models of arthritis (31, 32). Thus, OLT1177 seems to mediate its helpful effects by acting preferably in the CNS of EAE mice, since it did not alter cytokine concentrations in the blood. Previous studies revealed that monocytes and neutrophils are the main cell source of IL-1β in the spinal cord of EAE mice, and that IL-1β null mice, similar to NLRP3 knockout mice, are resistant to EAE (16). IL-1β expression in monocytes, but not in neutrophils, is important to allow the transmigration of proinflammatory monocytes across the blood–CNS barrier and to initiate neuroinflammation in EAE (41). IL-1β mediates these pathogenic effects in EAE by signaling via CNS endothelial cells IL-R1 to mediate GM-CSF production, which in turn, induces the differentiation of monocytes into antigen presenting cells within the perivascular space of CNS blood vessels (41). Moreover, myeloid cell-derived IL-1β also mediates direct activation of myelin-reactive T cells and stimulates the production of neurotoxic factors (41) which are likely to the be responsible, in part, of the CNS damage. Since OLT1177 suppressed ~80% the protein levels of IL-1β in the CNS of EAE mice, and infiltrating myeloid cells are the main cell source of IL-1β, it suggests that OLT1177 is likely to mediate its beneficial effects by targeting myeloid cell in the CNS. We also found that CD4 T cells and microglia cells were markedly reduced in the spinal cord by OLT1177, which is likely to be mediated as a consequence, in part, of IL-1β inhibition However, OLT1177-enriched diet did not altered the number of neutrophils at the time point analyzed (peak of EAE), contrary to previous reports on joint inflammation (31). Since neutrophils are recruited are very early stages of EAE and their counts are largely reduced after the peak of the disease, we do not discard that the lack of effects of OLT1177 in neutrophils accumulation in EAE could be due to the time assessed.

However, we cannot discard the possibility that this NLRP3 inhibitor could alter the activation of immune cells in the periphery despite the levels of circulating cytokines were not altered by OLT1177.

We also found that the administration of the low dose of OLT1177 twice per day showed greater efficacy in reducing EAE pathogenesis than the high dose once per day when given intraperitoneally. This effect may be explained due to the short half-life of OLT1177 within the organism. Importantly, we also showed that oral administration of OLT1177 reduced the clinical severity of EAE when treatment was initiated after disease onset. In these experiments, OLT1177 was administered by gavage and not directly in the diet because EAE mice show reduced food intake as a consequence of the disease. To our knowledge, this is the first study demonstrating the efficacy of therapeutic treatment in EAE with a selective NLRP3 inhibitor in clinical development, i.e., OLT1177. OLT1177 could have clinical relevance since it mimics a more suitable clinical scenario for MS patients. Importantly, oral OLT1177 has satisfactorily overcome a phase I safety trial in humans (32) and it is currently in a phase II clinical trials for acute gout flare (42), heart failure and rare disease which could be paving the way to clinical translation.

Overall, our data provide clear evidences that oral administration of OLT1177 exerts potent anti-inflammatory effects in EAE mice by inhibiting NLRP3 inflammasome and mediates beneficial effects when administered prophylactically and therapeutically in this model. This study therefore suggests that OLT1177 may constitute a novel safe and effective approach for the treatment of MS in humans.
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Supplementary Figure 1. OLT1177 enriched food reduces the accumulation of immune cells in the spinal cord of mice at the peak of EAE. (A–F) Representative dot plots showing neutrophils (A), macrophages and microglia (B), T lymphocytes (C), Other cells (D), T helper cells (E), and T cytotoxic cells (F) in the spinal cord of mice fed the standard food or OLT117 enriched diet.

Supplementary Figure 2. OLT1177 enriched food did not modify the phenotype of lymphocytes nor macrophages in the spinal cord of EAE mice at the peak of EAE. (A) Representative flow cytometry histograms characterizing the expression CD4 T cells polarization markers in the spinal cord of mice fed the standard food or OLT117 enriched diet at EAE disease peak. (B) Representative dot plots showing different macrophage subsets in the spinal cord from the same animals based on the expression of Ly6C.
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Pattern recognition receptors (PRRs) coordinate the innate immune response and have a significant role in the development of multiple sclerosis (MS). Accumulating evidence has identified both pathogenic and protective functions of PRR signaling in MS and its animal model, experimental autoimmune encephalomyelitis (EAE). Additionally, evidence for PRR signaling in non-immune cells and PRR responses to host-derived endogenous ligands has also revealed new pathways controlling the development of CNS autoimmunity. Many PRRs remain uncharacterized in MS and EAE, and understanding the distinct triggers and functions of PRR signaling in CNS autoimmunity requires further investigation. In this brief review, we discuss the diverse pathogenic and protective functions of PRRs in MS and EAE, and highlight major avenues for future research.
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INTRODUCTION

Multiple sclerosis (MS) is an autoimmune disorder of the central nervous system (CNS) characterized by neuroinflammation, demyelination, and axon damage. Disease development in MS is likely due to a complex interaction of genetic and environmental factors leading to CNS-targeted autoimmunity, involving activation of both the innate and adaptive immune response (1). In particular, the innate immune response is a critical component of disease development in MS and its animal model, experimental autoimmune encephalomyelitis (EAE) but is less well-studied in MS compared to the adaptive immune system (2). The diverse functions of the innate immune response are orchestrated by pattern recognition receptors (PRRs), which sense both microbial-associated molecular patterns (MAMPs) and damage-associated molecular patterns (DAMPs). PRRs are mainly expressed on innate immune cells including macrophages, dendritic cells (DCs), neutrophils, and microglia, but can also be expressed on non-immune CNS-resident cells. Many PRRs show elevated gene expression in MS (3, 4), and genome-wide associate studies (GWAS) have identified variants in multiple PRRs linked to increased MS risk (5–7).

The major families of PRRs include Toll-like receptors (TLRs), Nod-like receptors (NLRs), C-type lectin receptors (CLRs), and RIG-I like receptors (RLRs). TLRs and CLRs are transmembrane proteins which recognize diverse MAMPs and DAMPs. NLRs and RLRs, on the other hand, are located in the cytoplasm where they function as sensors to modulate the immune response. These PRR families can have both protective and pathogenic functions in EAE, depending on context (Table 1). Here, we summarize the diverse roles of PRR signaling in EAE and MS (Figure 1), and highlight outstanding questions in the field.


Table 1. Functions of pattern recognition receptors (PRRs) in the EAE model of multiple sclerosis.
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FIGURE 1. Pattern recognition receptor (PRR) families and their functions in EAE. (A) Diagram of major PRR families with pathogenic or protective function in EAE as indicated. (B) List of representative effector mechanisms to elicit pathogenic and protective function by PRRs. (C) Diagram of CNS-resident cells and CNS-infiltrating immune cells capable of expressing PRRs in EAE and MS.




TOLL-LIKE RECEPTORS (TLRS)

The TLR family includes both surface and endosomal transmembrane receptors, and is comprised of 10 TLRs in human (TLR1–10) and 12 in mouse (TLR1–9, 11–13). TLRs are studied mainly in peripheral myeloid cells, but can also be expressed by non-immune cell types. In the CNS, microglia express a large array of TLRs, while non-immune cells, such as astrocytes and oligodendrocytes have a more limited repertoire (8).

TLR2, in particular, has been implicated by multiple studies in MS pathology. TLR2 is highly upregulated in peripheral blood mononuclear cells (PBMCs), cerebrospinal fluid (CSF) cells, and demyelinating lesions in MS patients (8). Consistent with a pathogenic function, TLR2 stimulation of regulatory T cells (Treg) from MS patients reduced Treg suppressive functions and promoted a shift toward an inflammatory TH17 response (9). Among non-immune cells, TLR2 is expressed by oligodendrocytes in MS lesions, and TLR2 ligation with hyaluronan inhibits the maturation of oligodendrocyte progenitor cells (OPCs) in vitro (10). In addition, relapsing-remitting MS (RRMS) patients show elevated levels of soluble TLR2 (sTLR2) (11), although sTLR2 would not necessarily be pathogenic because it could absorb TLR2 ligands. Paradoxically, significantly lower levels of microbiome-derived TLR2 ligands were found in the blood of MS patients (12, 13). As discussed below, later EAE studies suggest that TLR2 can in fact be protective (14–16) through a mechanism known as TLR tolerance. Beyond TLR2, other receptors including TLR3 and TLR4 are also expressed in active MS lesions (8), and TLR2, TLR4, TLR9 all showed elevated expression on CD4+ and CD8+ T cells from MS patients (9, 17). Expression of TLRs by TH17 cells in particular was shown to correlate with the extent of brain lesions and neurological disabilities in MS (17).

TLR signaling is mediated either by MyD88 or TRIF. Multiple EAE studies have identified distinct functions for TLR signaling through these two different pathways. Specifically, MyD88 is highly pathogenic in EAE, as Myd88−/− mice do not develop any disease symptoms (18, 19). Thus, it was expected that TLRs, which signal through MyD88 (TLR1, 2, 4, and 6), would also be pathogenic. However, the role of TLRs in EAE is not so straightforward. Despite similar EAE severity between Tlr2−/− and wild-type mice in some reports (19, 20), and other results suggesting the pathogenicity of TLR2 (18, 21, 22), more recent studies indicate TLR2 stimulation may also be protective. In particular, treating mice with low-dose TLR2 ligands reduced EAE severity (14, 16). Interestingly, in the cuprizone model of demyelination, which is not mediated by autoimmunity, TLR2 stimulation also demonstrates a therapeutic benefit by enhancing remyelination (15). This protective effect of TLR2 stimulation is thought to be mediated by TLR tolerance, a process in which repeated stimulation of the receptor leads to a dampened response to subsequent stimuli and a more regulatory response. In contrast, Tlr2−/− mice developed reduced pathology in the cuprizone demyelination model, suggesting a pathogenic role for basal TLR2 signaling in the absence of exogenous stimulation (15, 23). In summary, multiple studies suggest that TLR2 signaling may be either pathogenic or protective in EAE, depending on context and timing (14), but further studies are needed to understand the mechanism of how these distinct functions are mediated.

Similar to TLR2, TLR4 is also known to be both pathogenic (24, 25) and protective (18, 26–28) in EAE. Other MyD88-dependent TLRs include endosomal TLR7, TLR8, and TLR9, which induce Type-1 interferons (IFN-I) expression. Again, some reports indicated a pathogenic role of TLR7, TLR8, and TLR9 (18, 19, 29), while others found TLR9 to be protective (28). The discrepancy in TLR9 results may be attributed to different EAE induction methods. The studies suggesting TLR9 to be pathogenic applied a booster immunization on Day 7 (18, 19), but no booster was applied in the latter study, which found TLR9 to be protective (28). EAE induction with a booster immunization is a similar method to what we previously described as “Type-B EAE,” a distinct EAE subtype resistant to IFNβ treatment (30, 31). Therefore, with the strong EAE induction with repeated immunization, IFN-I generated by TLR9 stimulation may not inhibit EAE. Instead, the pathogenicity of TLR9 may be enhanced by TLR9-mediated pro-inflammatory cytokine production. TLR8, identified in the spinal cord axons during EAE (32), was demonstrated to inhibit neurite growth and enhance neuronal apoptosis (33), possibly serving as a pathogenic receptor in EAE. Lastly, TLR3 which is endosomal, transduces its signal through TRIF but not MyD88, and appears to be protective in EAE. Trif −/− mice exhibit severe EAE, likely due to reduced IFN-I expression leading to an enhanced Th17 response (34). Indeed, the TLR3 ligand, poly(I:C), suppressed EAE by elevating the production of IFN-I (35). In summary, some endosomal TLRs (TLR3, 7, 9) appear to be protective in IFNβ-responsive EAE subtypes (30, 31), as these TLRs strongly induce protective IFN-I expression (36).



NOD-LIKE RECEPTORS (NLRS)

NLRs are an evolutionarily ancient family of receptors and potent regulators of inflammation and immunity (37, 38). They are intracellular, and regulate danger signals through pre- and post-translational mechanisms (37). Collectively, NLRs possess a diverse array of functions, including NFκB activation/inhibition, gene transcription, and formation of inflammatory signaling platforms termed inflammasomes (37, 38).

Some NLRs are now known to be associated with MS, though most remain uninvestigated. As inflammasome-forming NLRs, NLRP1, NLRP3, and NLRC4 are closely associated with inflammatory immune reactions, and have been linked to MS risk. Specifically, SNPs in the NLRP1 and NLRP3 loci have been associated with MS (39–43). Expression levels of NLRP3 mRNA in PBMCs correlate with disease relapse in RRMS patients (43), and ex vivo stimulation of PBMCs from primary progressive MS patients also showed enhanced NLRP3 expression and activation (44). NLRC4 protein is abundantly expressed in MS lesions, and most prominently in lesion-associated astrocytes (45). Loss of function NLRC4 mutations are also associated with improved response to IFNβ treatment (6). Although NOD2 stimulation on DCs enhances Th17 responses in human T cells ex vivo (46), SNPs in neither NOD1 nor NOD2 are associated with MS risk (47).

NLRs have both pathologic and protective functions in the EAE model. Both NOD1 and NOD2 are pathogenic in EAE (21), and T cells in Nod1−/− and Nod2−/− mice do not accumulate in the CNS, presumably due to poor cell migration or reduced antigen presentation in the CNS (21). NLRP1, an inflammasome-forming NLR, is highly expressed in the CNS, specifically by neurons (48–50), astrocytes (51), and oligodendrocytes (48). In the non-autoimmune cuprizone model of demyelination, the NLRC4 inflammasome is functional in both microglia and astrocytes, and contributes to demyelination (45). The NLRP3 inflammasome detects a wide range of sterile and pathogen-derived insults to trigger its activation. Under some conditions, Nlrp3−/− mice are resistant to EAE (30, 31, 52, 53), due to their inability to promote immune cell migration to the CNS via IL-1β and IL-18 priming, despite the presence of pathogenic Th17 cells (30). Nlrp3−/− mice are also protected from cuprizone-induced demyelination (54), in which T cell involvement is minimal (55). These results suggest multiple roles for NLRP3 in CNS inflammation and demyelination. Indeed, while inhibition of NLRP3 with MCC950 potently suppresses traditional EAE (56), it also suppresses mechanical allodynia in a neuropathic pain model of EAE (57). Nevertheless, under specific circumstances, EAE can be induced in Nlrp3−/− and Asc−/− mice, which are also inflammasome-incompetent (31, 53, 58). EAE in the absence of the NLRP3 inflammasome exhibits an atypical pathogenesis with brain-targeted inflammation (31). IFNβ, a treatment for RRMS which inhibits NLRP3 inflammasome activation, is ineffective in treating this form of EAE (31, 53), which is instead dependent on CXCR2 and lymphotoxin (31). This relationship between IFNβ and NLRP3 in EAE may reveal insights into the heterogeneity of response to IFNβ treatment within the MS patient population (31).

In contrast to the inflammation-inducing NLRs, NLRC3, NLRX1, and NLRP12 are protective in EAE. NLRC3 negatively regulates inflammatory pathways in innate and adaptive immune cells (59–61) by suppressing NFκB activation (61) and IFNβ release (60). Nlrc3−/− mice demonstrate more severe EAE (62, 63) with enhanced DC priming of pathogenic T cells (62). NLRX1 localizes to the mitochondrial outer membrane (64) and interferes with MAVS signaling and induction of IFN-I (64, 65). NLRX1 suppresses NFκB induced by TLR signaling (65, 66) and Nlrx1−/− mice are more susceptible to EAE (67) due to hyperactivation of myeloid cells in the CNS (67). Notably, both NLRC3 and NLRX1 are protective despite having the potential to suppress IFN-I induction. NLRP12 also suppresses NFκB activation (68, 69), and the lack of Nlrp12 results in atypical EAE, with ataxia and balance deficits (70). These Nlrp12−/− mice had increased infiltration of T cells into the brain rather than the spinal cord, as well as an increase in Th2 cells over Th1 and Th17 subsets (70). Another report demonstrated that Nlrp12−/− mice develop more severe, but traditional EAE (71, 72), however, both studies agreed upon a T cell-intrinsic suppressive function of NLRP12 (70–72). The reason for these different EAE phenotypes is unclear, though the Nlrp12−/− mice used in these studies were generated independently with different deletions in exon 2 (70) or exon 3 (71, 72).



C-TYPE LECTIN RECEPTORS (CLRS)

CLRs are a large family of carbohydrate-recognition domain (CRD) containing proteins, a subset of which have described immune functions. CLRs can recognize both MAMPs and DAMPs, and mediate their response by multiple pathways. Most commonly, CLRs function through association with immunoreceptor tyrosine-based activation motif (ITAM) or inhibition motif (ITIM) signaling, depending on the receptor (73). Notably, SNPs in the C-type lectin CLEC16A gene have been significantly linked to the risk of developing MS in multiple GWAS studies (7, 74–77). Yet, unlike other CLRs, CLEC16A is localized to the cytosol and its function remains relatively uncharacterized (78). Although CLRs have significant and diverse immune functions, their involvement in MS is poorly understood, and only a limited number of studies on CLRs in EAE have been published.

Initial studies of CLR function focused on the ability of some CLRs to recognize and respond to adjuvant used for EAE induction. Specifically, Mincle, MCL, and Dectin-2 recognize components of heat-killed Mycobacteria (hkMtb), the most common adjuvant used in complete Freund's adjuvant (CFA) to induce EAE (79–81). These CLRs appear to mediate their response to hkMtb through Syk/CARD9 signaling which can induce pro-inflammatory cytokine production and inflammasome activation, thus promoting pathogenic Th17 differentiation (79, 80). Specific agonists for MCL and Dectin-2 (TDM and Man-LAM, respectively) are sufficient adjuvants to induce EAE (81, 82). In contrast, the TLR2/Dectin-1 agonist zymosan can only induce limited disease compared to hkMtb, while the Dectin-1 specific agonist, curdlan is unable to induce EAE at all (83).

Additional studies suggest that CLR signaling outside the context of adjuvant recognition may be able to limit EAE development. Specifically, the Dectin-1/TLR2 agonist zymosan can ameliorate EAE when administered in either the MOG35−55 (B6 mice) or PLP139−151 (SJL mice) models of EAE (84), suggesting a potential protective role for Dectin-1 signaling in EAE. Notably, two out of three publications studying CLR function in experimental autoimmune uveitis (EAU) reported data which indicates that Dectin-1-deficient mice develop more severe disease than WT controls (79, 85). However, the role of Dectin-1 in EAU is not clear, and a separate study identified a contradictory pathogenic function for Dectin-1 in EAU (86). The origin of this discrepancy is not known, but may be due in part to experimental approaches which may vary in adjuvant usage or clinical evaluation. Further work is needed to understand the function and mechanism of Dectin-1 in EAE and EAU. Another CLR, DC-SIGN, was reported to recognize endogenous N-glycan modifications of human MOG protein (87). In response to this endogenous ligand, DC-SIGN facilitated phagocytosis of myelin and enhanced IL-10 production by DCs after LPS stimulation in culture. DCIR2 (gene name Clec4a4) was also found to regulate DC function and reduce EAE by suppressing TLR-mediated activation and limiting the pathogenic T-cell response (88). Further study is needed to characterize CLR signaling beyond adjuvant recognition, particularly the mechanisms by which some CLRs may be protective while others are pathogenic in the setting of CNS autoimmunity.



RIG-I LIKE RECEPTORS (RLRS)

RLRs are cytoplasmic RNA sensors which signal through MAVS to promote IFN-I response during viral infections and in autoimmunity (89). RIG-I and MDA5 are the most well-studied RLRs and are encoded by DDX58 and IFIH1 genes, respectively. In the context of MS, one study suggests that combinations of multiple SNPs in genes encoding RLRs (DDX58, IFIH1, LGP2) may increase disease risk, although no individual SNPs alone were found to be significantly associated with MS risk (90). In addition, elevated expression of DDX58 and IFIH1 was identified in a subset of MS patients with high expression of MX1, a marker of active IFN-I stimulation (4).

In EAE, RLR signaling limits disease development (91). Specifically, genetic deletion of Mavs exacerbates EAE severity, while administration of RLR ligands [5′-triphosphate dsRNA and poly(I:C)] ameliorates disease in an IFN-I-mediated manner (91). However, as previously mentioned, poly(I:C) can also function as a TLR3 ligand. A better understanding of RLR signaling during EAE and MS could facilitate novel RLR-targeted therapeutic approaches. Since IFN-I production is not the only outcome of RLR stimulation, targeting RLRs might have additional benefits in treating MS in addition to the production of IFN-I.



CONCLUSION

Pattern recognition receptors (PRRs) orchestrate the innate immune response in MS and EAE. The pathogenic functions of PRR signaling in CNS autoimmunity are well-described and include promoting pro-inflammatory cytokine production, antigen presentation, and regulation of cell death. In contrast, the protective functions of innate immunity in CNS autoimmunity are less appreciated, yet PRR signaling can regulate the adaptive immune response, restrain innate immune activation, and promote tissue repair pathways. Both MAMPs and DAMPs trigger PRR signaling, but the specific ligands that mediate PRR function in CNS autoimmunity remain poorly characterized. Furthermore, non-immune cells in the CNS including astrocytes, oligodendrocytes, and neurons can also express some PRRs. To understand the role of PRRs in MS and EAE, we will need to better understand detailed mechanisms of the protective functions of PRRs, PRRs ligands in sterile inflammation, and how PRRs in CNS-resident cells modulate disease outcomes.
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Background: Accumulating evidence suggests inhibiting neuroinflammation as a potential target in therapeutic or preventive strategies for Alzheimer's disease (AD). MAPK-activated protein kinase II (MK2), downstream kinase of p38 mitogen activated protein kinase (MAPK) p38 MAPK, was unveiled as a promising option for the treatment of AD. Increasing evidence points at MK2 as involved in neuroinflammatory responses. MMI-0100, a cell-penetrating peptide inhibitor of MK2, exhibits anti-inflammatory effects and is in current clinical trials for the treatment of pulmonary fibrosis. Therefore, it is important to understand the actions of MMI-0100 in neuroinflammation.

Methods: The mouse memory function was evaluated using novel object recognition (NOR) and object location recognition (OLR) tasks. Brain hippocampus tissue samples were analyzed by quantitative PCR, Western blotting, and immunostaining. Near-infrared fluorescent and confocal microscopy experiments were used to detect the brain uptake and distribution after intranasal MMI-0100 application.

Results: Central MMI-0100 was able to ameliorate the memory deficit induced by Aβ1−42 or LPS in novel object and location memory tasks. MMI-0100 suppressed LPS-induced activation of astrocytes and microglia, and dramatically decreased a series of pro-inflammatory cytokines such as TNF-α, IL-6, IL-1β, COX-2, and iNOS via inhibiting phosphorylation of MK2, but not ERK, JNK, and p38 in vivo and in vitro. Importantly, one of the reasons for the failure of macromolecular protein or peptide drugs in the treatment of AD is that they cannot cross the blood–brain barrier. Our data showed that intranasal administration of MMI-0100 significantly ameliorates the memory deficit induced by Aβ1−42 or LPS. Near-infrared fluorescent and confocal microscopy experiment results showed that a strong fluorescent signal, coming from mouse brains, was observed at 2 h after nasal applications of Cy7.5-MMI-0100. However, brains from control mice treated with saline or Cy7.5 alone displayed no significant signal.

Conclusions: MMI-0100 attenuates Aβ1−42- and LPS-induced neuroinflammation and memory impairments via the MK2 signaling pathway. Meanwhile, these data suggest that the MMI-0100/MK2 system may provide a new potential target for treatment of AD.

Keywords: MMI-0100, neuroinflammation, MAPK-activated protein kinase II (MK2), intranasal, near-infrared fluorescent


HIGHLIGHTS

- Central MMI-0100 is able to ameliorate Aβ1−42- or LPS-induced memory deficit.

- MMI-0100 suppresses LPS-induced activation of astrocytes and microglia in vivo.

- MMI-0100 inhibits inflammatory factors via MK2 pathway in vivo and in vitro.

- Intranasal infusion of MMI-0100 ameliorates Aβ1−42- or LPS-induced memory deficit.

- The brain uptake of Cy7.5-MMI-0100 was detected by near-infrared fluorescent.



INTRODUCTION

Alzheimer's disease (AD), one of the most common neurodegenerative diseases, is characterized by progressive cognitive dysfunction, memory impairment, and behavioral changes. The pathological hallmarks of AD are amyloid-β (Aβ) plaques and neurofibrillary tangles, accompanied by neuroinflammation characterized by the activation of microglia, and astrocytes (1–6). Increasing evidences suggest that microglia, the first line of defense and the resident macrophages of the brain in the central nervous system (CNS), play multiple roles in AD progression by clearing Aβ plaques and releasing pro-inflammatory mediators [e.g., tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-1β)], which might directly act on neurons to induce apoptosis (1, 4, 6, 7). AD pathogenesis is not restricted to the neuronal compartment, but includes strong interactions with immunological mechanisms in the brain. Targeting of these immune mechanisms could lead to future therapeutic or preventive strategies for AD. An abundance of clinical trials evaluating anti-inflammatory drugs in AD or mild AD is underway, including NCT02423200, NCT02423122, NCT01009359, NCT02062099, NCT00013650, and NCT02646982.

The p38 mitogen-activated protein kinase (MAPK) signaling pathway, a cascade contributing to neuroinflammation, could play a key role in AD pathophysiology, and preclinical and clinical trials have evaluated the pharmacological effects of p38 MAPKα inhibitors in the brain (8, 9). Bachstetter et al. demonstrated that the effects of the p38 MAPK inhibitor MW01-2-069A-SRM in neuroinflammatory induced by toll-like receptor (TLR) ligands or Aβ is associated with decreased phosphorylation state of mitogen-activated protein kinase activated protein kinase II (MK2) (10). Culbert et al. point at elevated activation and expression of MK2 correlated with Aβ deposition, microglial activation, and pro-inflammatory mediator upregulation in the transgenic mouse model of Alzheimer's disease (AD) (11). MK2 is downstream kinase of p38 MAPK, and suppression of MK2 activity also leads to down-regulation of inflammatory cytokine expression such as TNF-α, IL-1β, and IL-6. Due to side effects of p38 inhibitors in hepatotoxicity, cardiotoxicity, and undisclosed CNS toxicity in clinical trials, it is an unacceptable safety profile for drug development (12–15). Thus, MK2 was unveiled as a promising option for the treatment of neural diseases.

MMI-0100, a recently discovered cell-permeable peptide inhibitor of MK2, consists of 22 amino acids in the sequence YARAAARQARAKALARQLGVAA. YARAAARQARA is a cell-permeable peptide (CPP) named PDT-4, and it provided more specificity to inhibit MK2 (16). Phase 1a study investigated the effect of MMI-0100 on airway inflammation with inhaled lipopolysaccharide (LPS) and currently in clinical trials for the treatment of pulmonary fibrosis (NCT02515396) (17). Therefore, we are eager to investigate whether MMI-0100 suppress Aβ- and LPS-induced neuroinflammation and attenuates memory impairment.

A major challenge of protein and peptide drugs for the treatment of neurodegenerative diseases is the delivery of these drugs over the blood–brain barrier (BBB). Solanezumab's failure in the Phase III trial inspired us to determine whether brain-targeted drugs can cross the BBB (mainly in any dose of antibody, and ultimately only about 0.1% can penetrate the BBB to reach the brain) (18). Intranasal (IN) infusion allows drugs to rapidly enter the CNS via extracellular trigeminal and intracellular neuronal olfactory associated pathways, bypassing the BBB to effectively interact 0 with multiple brain regions (19–22). Given that MMI-0100 is a cell-permeant MK2 inhibitor peptide, we also evaluated whether intranasal administration of MMI-0100 could regulate Aβ- and LPS-induced neuroinflammation.



MATERIALS AND METHODS


Animals

Male Kunming mice, a Swiss strain, 8–10 weeks old, weighing 20–24 g, were obtained from the Experimental Animal Center of Lanzhou University (Lanzhou, China). All mice were housed in 20 × 30 cm2 cages (humidity 45–50%, sizes 20 × 30 cm2, bedding-wood shavings, 5 animals/cage) with free access to tap water and food in a room. The temperature of the room was maintained at 22 ± 2°C and was accompanied by a 12-h light–dark cycle (8:00 a.m.−8:00 p.m.). All the protocols in our experiments were approved by the Ethics Committee of Lanzhou University (permit number: SYXK Gan 2009–0005).



Surgery

An 8-mm 26-gauge stainless steel guide cannula was implanted in the lateral ventricle or bilateral hippocampus according to our previous reports (23, 24). Each mouse was anesthetized with sodium pentobarbital at a dose of 70 mg/kg (Sigma, USA) and fixed in a stereotaxic frame (Leica, Germany). According to the atlas of Paxinos and Franklin (25), guide cannulas were implanted over the lateral ventricle (AP = 0.5 mm, RL = 1.0 mm, DV = 2.0 mm) or were implanted in the bilateral hippocampus (AP = 2 mm, RL = ±1.5 mm, DV = 1.2 mm). Each mouse was housed individually and allowed to recover for 5–7 days after surgery. All experiments were conducted between 9:00 a.m. and 6:00 p.m.

At the end of the experiments, each mouse was sacrificed and brains were then dissected, and the position of each cannula was determined by injecting methylene blue into the cannula. Data exhibiting the diffusion of methylene blue in the ventricles were analyzed in the statistical evaluation. In addition, the bilateral hippocampus position was checked by hematoxylin–eosin (H&E) staining (23). All mice were used only once.



Drug Application

MMI-0100 (YARAAARQARAKALARQLGVAA) was synthesized by a standard Fmoc-based solid-phase synthetic method, and refer to our previous reports for detailed methods (23). Purified MMI-0100 was dissolved in saline (vehicle) at a concentration of 10 nmol/μl, stored at −20°C after reconstitution, and diluted to 2.5 nmol/μl in saline immediately before being injected. Stability of MMI-0100 in mouse brain homogenates was investigated and its half-life is about 161.7 minutes. The detail results are shown in Figure S5. Aβ1−42 peptide was purchased from Hangzhou Chinese Peptide Biochemical Company. Aβ1−42 was first dissolved in hexafluoroisopropanol and frozen at −80°C, and it was directly lyophilized to form a powder, which is Aβ1−42 oligomer. Aβ1−42 was dissolved in 5% DMSO in saline, kept at −20°C, and was diluted in saline immediately before injected (800 pmol/mouse). Chronic injection of the Aβ1−42 oligomer at 14 days prior to the start of the experiment is a widely used AD model (26–29). LPS was bought from Sigma (Sigma-Aldrich Co., USA). LPS (2 μg/mouse) was dissolved in saline and infused into the lateral ventricle, which is a widely used neuroinflammation model.

MMI-0100 or vehicle was infused into the brain by using a 32-gauge stainless steel syringe needle placed in and projecting 0.5 mm below the tip of the cannula for 2 min. This needle was connected via a PE tube to a 5-μl Hamilton syringe mounted to a Microdrive pump (KD Scientific). To allow the drug to diffuse, the infusion syringe remained in place for 1 min. For the lateral ventricle, injection volume is 2 μl, and for the bilateral hippocampus CA1, injection volume is 0.5 μl/side. After drug administration, each mouse was subjected to behavioral testing immediately. In addition, the selection of the doses was based on the previous reports and our preliminary observations (24).

For nasal application, mice were anesthetized with isoflurane and infused with MMI-0100 (25 nmol, 10 μl) using a 10-μl pipette. MMI-0100 was dissolved in 10% β-cyclodextrin for nasal application. Each of the applications to the left and right rhinarium, respectively, lasted about 1 min. Mice returned to their home cage and behavioral experiment was performed 2 h after intranasal application. To minimize non-specific stress responses during the application procedure, holding of the mice for 2–3 min was practiced for at least 3 days prior to the experiment.

The behavior experiments were carried out 15 min after i.c.v. injection of MMI-0100, or 2 h after intranasal infusion of MMI-0100. The cytokines were measured 15 min after i.c.v. injection of MMI-0100.



Behavioral Tasks

The procedures for the novel object recognition (NOR) and object location recognition (OLR) tasks were described in our previous report (23, 30). Schematic diagram for experimental design and schedule were shown in Figure 1. The videos for NOR and OLR tasks were shown in Supplementary Material. Briefly, the procedure of NOR and OLR tasks consisted of two sessions: the training phase and the test phase, and the time elapsed between the training and test phases is 24 h. Each mouse was tested in its home cage in a sound-attenuated room with dim lighting. Each mouse was handled for 3 min per day for three consecutive days prior to training. In our experiments, all objects were made of plastic or glass and were similar in sizes (4–5 cm high) but different in color and shape. There were several copies of each object used interchangeably. The objects were cleaned thoroughly between trials to avoid olfactory cues. Exploration was defined as sniffing or touching the object with the nose or forepaws. Resting against or moving around the object was not considered exploratory behavior. The discrimination index (DI) in the memory retention phase was calculated as the percentage of the time a mouse explored the new object or location over the total time the mouse explored the two objects or locations. A DI of 50% is equivalent to the chance level, and a significantly higher DI indicates that the mouse had a preference for one object or location, indicating that they could remember the familiar object or location. We found no significant difference between treatments in the duration of exploration of the objects during the training phase, as well as in the duration and the total exploration time (TET) during the memory retention phase (Table 1).


[image: Figure 1]
FIGURE 1. Schematic diagram for experimental design and schedule. (A) Animal experimental protocol indicating the time course for various interventions utilized during the experiment. (B) Experimental methods for NOR and OLR tasks.



Table 1. Duration of training phase, duration of test phase, and TET in test phase for each group.
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NOR Task

In the training phase, two identical objects were placed on opposite sides of the home cage. The training trial was ended when the mouse had explored the two identical objects for 10 s within 5 min. Animals were eliminated if TET in the training phase did not reach 10 s within 5 min. In the test phase, a novel object, and a familiar object from the training trial were placed in the same positions as in the training phase, and the test phase lasted for 5 min. The test phase was ended when the mouse had explored the two objects for a total of 25 s, or after 5 min had passed, the test phase was terminated.



OLR Task

In the training phase, two identical objects were placed in distinct corners of the home cage. The training trial was ended when the mouse had explored the two identical objects for 10 s within 5 min. Animals were eliminated if the TET in the training phase could not reach 10 s within 5 min. In the test phase, one of the objects was moved to a new corner, which was randomly chosen, and the test phase lasted for 5 min. The test phase was ended when the mouse had explored two locations of the objects for a total of 25 s, or after 5 min had passed, the test phase was terminated.



Quantitative PCR

Amnesia was caused by Aβ1−42 injection for 14 days or LPS infusion for 3 days; 15 min after injection of MMI-0100 or vehicle, the hippocampus was removed from mice. Real-time RT-PCR was performed according to a previous report (31). Total RNA was extracted using Trizol reagent (TaKaRa) and 1 μg of RNA in each sample was reversely transcribed into a single-stranded complementary DNA with the 5X PrimeScript RT Master Mix (TaKaRa) following the manufacturer's instructions. Amplification was carried out in a 25 μl reaction mixture consisting of 12.5 μl of 2X SYBR Premis Ex TaqTM II, 2 μl of cDNA, 1 μl of forward primer, 1 μl of reverse primer, and 8.5 μl of H2O, and was run under the following conditions: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, 58°C for 30 s, and 72°C for 30 s. The primer pair P1/P2 was used in the RT-PCR assay to identify the expression level of TNF-α, IL-6, IL-1β, and iNOS gene in vehicle + vehicle-, Aβ1−42 + vehicle-, Aβ1−42 + MMI-0100-, LPS + vehicle-, and LPS + MMI-0100-treated groups. The primers used in quantitative real-time PCR are shown in Table 2.


Table 2. Information on primers used in this experiment.
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Enzyme-Linked Immunoassay (ELISA)

Total proteins from the hippocampus of mice in each group were extracted with RIPA lysis buffer containing protease inhibitor (Gibco, Thermo Fisher Scientific, Inc.). Total proteins were determined using a bicinchoninic acid protein assay kit (Sangon Biotech Co., Ltd.). IL-1β, IL-6, and TNF-α in the hippocampus tissue were measured using ELISA kits (cat number: E-EL-M0049 for TNF-α, cat number: E-EL-M0044 for IL-6, cat number: E-EL-M0037 for IL-1β, Elabscience), according to the manufacturer's instructions.



Western Blotting

Western blotting was carried out as per the manufacturer's instructions (Bio-Rad Laboratories, Inc). Protein was extracted with RIPA buffer containing protease inhibitor (Gibco; Thermo Fisher Scientific, Inc.). The protein concentration was determined using a BCA protein assay kit (Pierce; Thermo Fisher Scientific, Inc.). Briefly, the protein samples (40 μg per lane) isolated from the hippocampus were separated by SDS-PAGE and electrophoretically transferred onto polyvinylidene fluoride membranes. Membranes were blocked with 5% skimmed milk for 2 h and incubated overnight at 4°C with specific first antibodies. The first antibodies in WB assay are shown in Table 3. GAPDH was used as a loading control. Subsequently, the membranes were incubated with the corresponding secondary antibodies and the reaction was visualized with chemiluminescence reagents provided with an ECL kit (Thermo) and exposed to a film. The intensity of the blots was quantified with densitometry (Image J 1.49v; National Institutes of Health).


Table 3. Information on antibodies used in this experiment.
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Immunostaining

Mice were anesthetized with sodium pentobarbital and then transcardially perfused with 20 ml of PBS followed by 60 ml of 4% paraformaldehyde. The brains were removed and cut into consecutive frozen sections and then incubated overnight with CD11b antibody (cat number: CBL1512, 1:100, Chemicon Biotechnology) and anti-glial fibrillary acidic protein (GFAP) (cat number: sc-166458, 1:100, Santa Cruz Biotechnology, USA). The secondary antibody (cat number: A0521, Cy3-labeled Goat Anti-Mouse IgG, 1:200, Beyotime) was applied to the sections for 40 min at 37°C. The images were performed by a fluorescent microscope (ZEISS International, optical and optoelectronic technology, USA).



Cell Culture

BV-2 cells were obtained from cellbank.org.cn. BV-2 cells were cultured in DMEM containing 10% fetal bovine serum at 37°C in a humidified 5% CO2 incubator. BV-2 cells were pretreated with LPS (1 μg) for 1 h and then incubated with MMI-0100 (10−5 to 10−8 M) for 24 h. In vitro experiments include cell viability assessment (MTT), real-time PCR, and Western blotting. The results of cell stability are shown in Figure S1.



NIR Fluorescence Imaging

To confirm the penetration of the MMI-0100 in the brain tissue of mice, the fluorescent dye Cy7.5 was used. The specific synthesis method is shown in Figure 10A. NIR fluorescence imaging was performed by a whole-mouse imaging system (Imaging Station IVIS Lumina II, Caliper). Two hours after intranasal administration of Cy7.5-MMI-0100 and Cy7.5 alone into the nasal cavity, mice were sacrificed and perfused with 20 ml of PBS to remove residual blood in the brain. The brain was removed and placed into an imaging system. Images were captured by a CCD camera embedded in the imaging system and analyzed by the Lumina II Living Imaging 4 software (32).



Confocal Microscopy

Two hours after intranasal administration of Cy7.5-MMI-0100 and Cy7.5 alone into the nasal cavity, mice were sacrificed, and perfused with 20 ml of PBS to remove residual blood followed by 60 ml of 4% paraformaldehyde. The frozen brain tissue was cut into 30-μm-thick sections using a cryotome and observed with an Olympus FluoView FV1000 confocal laser scanning microscope (32).



Statistical Analysis

All data are presented as the mean ± SEM for two repeats twice of each experiment. Statistical analysis was conducted using SPSS 19.0 (IBM Corp.). A t test was used to examine whether the DI of each group was significantly different from the chance level (50%). Differences among more than two groups were assessed by one-way ANOVA, followed by Bonferroni's post-hoc test, and p < 0.05 was considered to indicate a statistically significant difference.




RESULTS


Central MMI-0100 Ameliorates Object and Location Recognition Memory Impairment Induced by Aβ1−42 and LPS

In the NOR and OLR task, when the TET was 10 s and memory was tested after 24 h, vehicle + vehicle-treated mice could discriminate the novel object or location from the familiar one, with the DI (65.15% for NOR, 63.45% for OLR) being significantly higher than the 50% chance level (p < 0.01), but Aβ1−42 (i.c.v., 800 pmol) or LPS (i.c.v., 2 μg) treatment significantly disrupted memory; the average DI of this group (Aβ1−42: 50.96%, LPS: 49.82% for NOR; Aβ1−42: 48.04%, LPS: 49.62% for OLR) was significantly lower than that of vehicle + vehicle (**p < 0.01 for Figure 2A, ***p < 0.001 for Figure 2C, **p < 0.01 for Figure 3A and *p < 0.05 for Figure 3C). Injection of MMI-0100 (i.c.v., 5 nmol) into the lateral ventricle 14 days after injection of Aβ1−42 or 3 days' injection of LPS showed a good memory performance (##p < 0.01 for Figure 2A, ###p < 0.001 for Figure 2C, ##p < 0.01 for Figure 3A, and #p < 0.05 for Figure 3C), suggesting that MMI-0100 alleviates the memory-impairing effects of Aβ1−42 or LPS.


[image: Figure 2]
FIGURE 2. MMI-0100 attenuates Aβ1−42- or LPS-induced object recognition memory impairments in the NOR task. (A,B) Aβ1−42 was administered by i.c.v. or iCA1 injection at 14 days prior to MMI-0100 application. Injection of MMI-0100 (5 nmol for i.c.v., 1 nmol for iCA1) immediately after training improves amnesia elicited by Aβ1−42 (800 pmol for i.c.v., 200 pmol for iCA1) when tested 1 day. (C,D) LPS was administered by i.c.v. or iCA1 injection at 3 days prior to MMI-0100 application. Injection of MMI-0100 (5 nmol for i.c.v., 1 nmol for iCA1) immediately after training improves LPS elicited object recognition memory impairments (2 μg for i.c.v., 1 μg for iCA1) when tested 1 day. The dashed line indicates 50% chance level. n = 7–8 mice per group. Vertical lines represent mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with chance level. #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with the Aβ1−42 or LPS group.
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FIGURE 3. MMI-0100 ameliorates Aβ1−42- or LPS-induced location recognition memory impairments in OLR task. (A,B) In the OLR task, Aβ1−42 was administered by i.c.v. or iCA1 injection at 14 days prior to MMI-0100 application. Injection of MMI-0100 (5 nmol for i.c.v., 1 nmol for iCA1) immediately after training improves amnesia elicited by Aβ1−42 (800 pmol for i.c.v., 200 pmol for iCA1) when tested 1 day. (C,D) LPS was administered by i.c.v. or iCA1 injection at 3 days prior to MMI-0100 treatment. Injection of MMI-0100 (5 nmol for i.c.v., 1 nmol for iCA1) immediately after training improves LPS (2 μg for i.c.v., 1 μg for iCA1) elicited object recognition memory impairments when tested 1 day. n = 7–9 mice per group. Vertical lines represent mean ± SEM. The dashed line indicates 50% chance level. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with chance level. #p < 0.05 and ##p < 0.01 compared with the Aβ1−42 or LPS group.


In the NOR and OLR tasks, when the TET was 10 s and memory was tested after 24 h, MMI-0100 (1 nmol) infused into the bilateral hippocampus displayed a good memory performance, compared to the Aβ1−42 (200 pmol) or LPS (1 μg) group (***p < 0.001 for Figure 2B, *p < 0.05 for Figure 2D, ***p < 0.001 for Figure 3B, and **p < 0.01 for Figure 3D; ##p < 0.01 for Figure 2B, #p < 0.05 for Figure 2D, ##p < 0.01 for Figure 3B, and #p < 0.05 for Figure 3D).



MMI-0100 Suppresses Microglia and Astrocyte Activation and Reduces Inflammatory Factors

To determine the effect of MMI-0100 on glial activation, immunofluorescent staining for GFAP and CD11b in the hippocampi of mice was performed. GFAP and CD11b are markers of astrocyte and microglia. As shown in Figure 3, LPS increased CD11b and GFAP expression, while MMI-0100 treatment lowered the expression of both markers, suggesting that MMI-0100 inhibited the activation of microglia and astrocytes induced by LPS in mice (Figure 4). In addition, a series of pro-inflammatory cytokines, such as IL-6, IL-1β, TNF-α, and iNOS, were dramatically increased compared with control in the hippocampus of LPS- or Aβ1−42-induced AD model mice (p < 0.01). However, these pro-inflammatory factors were significantly down-regulated after MMI-0100 application (p < 0.01, Figures 5A,B). Furthermore, the protein levels of IL-6, IL-1β, and TNF-α were higher in the hippocampus of LPS- or Aβ1−42-induced AD model mice, and MMI-0100 treatment markedly down-regulated the expression of IL-6, IL-1β, and TNF-α (Figure 6). Overall statistical comparisons by one-way ANOVA followed by Bonferroni's post-hoc tests and these results indicated that MMI-0100 inhibited the microglia activation and reduced the inflammatory factors in LPS- or Aβ1−42-induced AD model mice.


[image: Figure 4]
FIGURE 4. Effects of MMI-0100 treatment in LPS induced the activation of microglia and astrocytes. (A) Representative confocal images of mice administered with the vehicle saline, LPS, or LPS + MMI-0100 are shown. Hippocampal histology sections were double-labeled for CD11b+ (green) and DAPI (blue) or GFAP (red) and DAPI (blue), and assessments were made with immunofluorescence microscopy, scale bars = 100 μm, 200×. (B,C) The quantification of GFAP-positive astrocytes and CD11b-positive microglia is described. Data are mean ± SEM (n = 5 mice per group). Data were analyzed using one-way ANOVA followed by Bonferroni's post-hoc test. **p < 0.01 and ***p < 0.001 compared with control. #p < 0.05 and ##p < 0.01 compared with the LPS group.



[image: Figure 5]
FIGURE 5. Effects of MMI-0100 treatment on the mRNA level of pro-inflammatory factors in the hippocampus. (A,B) The mRNA levels of pro-inflammatory cytokines, IL-6, IL-1β, TNF-α, and iNOS were determined by real-time PCR. Note that IL-6, IL-1β, TNF-α, and iNOS levels were significantly increased in the Aβ1−42 group (n = 5) or LPS group (n = 5), and this increase was counteracted by treatment with MMI-0100 (n = 5). Vertical lines represent mean ± SEM. **p < 0.01 and ***p < 0.001 compared with vehicle + vehicle. ##p < 0.01 and ###p < 0.001 compared with the Aβ1−42 or LPS group.
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FIGURE 6. Effects of MMI-0100 treatment on the protein expression level of pro-inflammatory factors in the hippocampus. Hippocampal levels of pro-inflammatory cytokines, TNF-α (A,D), IL-1β (B,E), and IL-6 (C,F) were evaluated by ELISA assay. Note that TNF-α, IL-1β, and IL-6 levels showed significant increase in the Aβ1−42 group or LPS group, and following MMI-0100 treatment, the Aβ1−42 + MMI-0100 group recovered to control levels. n = 5 mice per group. Vertical lines represent mean ± SEM. **p < 0.01 compared with the vehicle group vs. the Aβ1−42 or LPS group. #p < 0.05 and ##p < 0.01 compared with the Aβ1−42 or LPS group vs. the Aβ1−42 + MMI-0100 or LPS + MMI-0100 group.




MMI-0100 Down-Regulates the Phosphorylation of the MK2 Pathway and Anti-inflammatory Effect Is Not Mediated via MAPK

To determine the mechanism of MMI-0100 in suppression of neuroinflammation, we further investigated the expression of MK2 signaling pathways and MAPK signaling pathways by Western blotting. As shown in Figure 7, the phosphorylation of MK2 was significantly up-regulated in the hippocampus of LPS or Aβ1−42-induced AD model mice, while MMI-0100 treatment markedly decreased p-MK2. However, in Figure 8, i.c.v. administration of MMI-0100 could not decrease the phosphorylation of ERK, JNK, and p38 in the hippocampus of LPS- or Aβ1−42-induced AD model mice.


[image: Figure 7]
FIGURE 7. Effects of MMI-0100 treatment on the expression of pMK2 in the hippocampus. (A,C) Western blot analysis of pMK2 in the hippocampus in each group. (B,D) B/D is quantification of pMK2 expressed as the ratio of pMK2/tMK2. Values were expressed as mean ± SEM, n = 5 in each group. **p < 0.01 compared with the vehicle group vs. the Aβ1−42 or LPS group, ##p < 0.01 and ###p < 0.001 compared with the Aβ1−42 or LPS group vs. Aβ1−42 + MMI-0100 or LPS + MMI-0100 group.



[image: Figure 8]
FIGURE 8. Effect of MMI-0100 on Aβ1−42- or LPS-induced activation of MAPK in the hippocampus in mice. The upper panel is a representative immunoblot of pERK, tERK, pJNK, tJNK, p38, and p-p38 detected by Western blotting; the lower panel is quantification of MAPK signaling pathway-related protein expressed as the ratio of pERK/tERK, pJNK/tJNK, and p-p38/p38. Values were expressed as mean ± SEM, n = 5 in each group. **p < 0.01 and ***p < 0.001 compared with vehicle group.




MMI-0100 Has an Anti-inflammatory Effect in BV-2 Microglial Cells

Subsequently, we confirmed the anti-inflammatory response of MMI-0100 in LPS-treated BV-2 cells. As shown in Figures S1A,B, we investigated the most suitable dose of LPS to stimulate BV2 cells by MTT assay. Similar to the results in vivo, the levels of IL-6, IL-1β, COX-2, and iNOS were dramatically increased in the BV2 cells after LPS treatment (p < 0.01, Figure 9A). MMI-0100 treatment significantly decreased expression of IL-1β, IL-6, COX-2, and iNOS (p < 0.05, Figure 9A). As shown in Figure 9B, the phosphorylation of MK2 was significantly up-regulated in the BV2 cells, while MMI-0100 treatment markedly decreased p-MK2. These results are consistent with the results in vivo. In addition to BV2 cells, we similarly investigated the anti-inflammatory effects of MMI-0100 in HT22 (mouse hippocampal neuronal cell line), SH-SY5Y (a human derived neuroblastoma cell line), and U251 (glioma cell lines) cells in vitro. The results showed that MMI-0100 can exhibit anti-inflammatory effects on these four different cells. The detail results are shown in Figures S2–S4.


[image: Figure 9]
FIGURE 9. Effects of MMI-0100 treatment on LPS-induced inflammatory response and the expression of pMK2 in BV-2 cells. (A) MMI-0100 reduces LPS (1 μg/ml)-induced release of pro-inflammatory mediators such as IL-6, IL-1β, TNF-α, COX-2, and iNOS level in BV-2 cells. (B) The upper panel is a representative immunoblot of pMK2, tMK2, and GAPDH detected by Western blotting; the lower panel is quantification of MK2 expressed as the ratio of pMK2/tMK2. **p < 0.01 compared with vehicle group vs LPS group. #p < 0.05 and ##p < 0.01 compared with the LPS group vs. LPS + MMI-0100 (10−5, 10−6, 10−7, and 10−8 M) at different doses. Values were expressed as mean ± SEM.




Intranasal Administration of MMI-0100 Ameliorates Object and Location Recognition Memory Impairment Induced by Aβ1−42 and LPS

In the NOR and OLR tasks, when the TET was 10 s and memory was tested after 24 h, vehicle + vehicle-treated mice could discriminate the novel object or location from the familiar one, with the DI (66.32% for NOR, 58.96% for OLR) being significantly higher than the 50% chance level (p < 0.01), Aβ1−42 (i.c.v., 800 pmol) or LPS (i.c.v., 2 μg) treatment significantly disrupted memory, and the average DI of this group (Aβ1−42: 50.98%, LPS: 51.35% for NOR; Aβ1−42: 46.31%, LPS: 52.97% for OLR) was significantly lower than that of vehicle + vehicle. Intranasal administration of MMI-0100 (25 nmol), 14 days after injection of Aβ1−42 or 3 days after injection of LPS, showed a good memory performance (**p < 0.01 for Figure 10A, **p < 0.01 for Figure 10B, **p < 0.01 for Figure 10C, and *p < 0.05 for Figure 10D; #p < 0.05 for Figure 10A, ###p < 0.001 for Figure 10B, #p < 0.05 for Figure 10C, and ##p < 0.01 for Figure 10D).


[image: Figure 10]
FIGURE 10. Intranasal administration of MMI-0100 ameliorates novel object and location recognition memory impairment induced by Aβ1−42 and LPS. (A,B) In the NOR task, intranasal administration of MMI-0100 (25 nmol) improves object recognition memory impairment elicited by Aβ1−42 (800 pmol for i.c.v.) injected 14 days or LPS (2 μg) injected 3 days before training when tested 1 day. (C,D) In the OLR task, intranasal administration of MMI-0100 (25 nmol) improves object location recognition memory impairment elicited by Aβ1−42 (800 pmol, i.c.v.) injected 14 days or LPS (2 μg, i.c.v.) injected 3 days before training when tested 1 day. The dashed line indicates 50% chance level, *p < 0.05 and **p < 0.01 compared with chance level. #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with the Aβ1−42 or LPS group. n = 8–10 mice per group. Vertical lines represent mean ± SEM.




Near-Infrared Fluorescent and Confocal Microscopy Experiments Were Applied to Detect the Brain Uptake and Distribution of Intranasal MMI-0100

To demonstrate the delivery of MMI-0100 into the mouse brain, in vivo fluorescence imaging experiments were performed. Mice were killed and perfused for removal of the residual blood in brain, and the brains were dissected for ex vivo fluorescence imaging. Cy7.5-MMI-0100 was distributed to the whole brain immediately 2 h after intranasal injection (Figure 11). Figure 11 shows the real-time in vivo bio-distribution for Cy7.5-MMI-0100. Brains from control mice treated with Cy7.5 or saline alone displayed no significant signal.


[image: Figure 11]
FIGURE 11. (A) Confocal microscopy images of cortex, hippocampus, and hypothalamus of mouse brain after intranasal injection with Cy7.5 alone or Cy7.5-MMI-0100. (B) Ex vivo NIR fluorescence imaging and fluorescence intensity of perfused mouse brains 2 h after intranasal injection of the Cy7.5-MMI-0100, Cy7.5 alone, and saline as controls. All data are expressed as mean ± SEM and were analyzed by one-way ANOVA followed by Dunnett's post-hoc test. n = 4/group. ***p < 0.001 compared with Cy7.5 vs. Cy7.5-MMI-0100. Vertical lines represent mean ± SEM.





DISCUSSION

Targeting of these immune mechanisms could lead to future therapeutic or preventive strategies for AD (6). The p38 MAPK signaling pathways play a key role in neuroinflammation, and the anti-neuroinflammatory effect of the p38 MAPK inhibitor MW01-2-069A-SRM is associated with decreased phosphorylation state of MK2 in preclinical and clinical trials (10). Although targeting p38 MAPK is a promising option for the treatment of neural diseases, side effects of p38 inhibitors including hepatotoxicity, cardiotoxicity, and undisclosed CNS toxicity are unacceptable safety profile for drug development (9). MK2 is downstream kinase of p38 MAPK, and suppression of MK2 activity also leads to down-regulation of inflammatory cytokine expression such as TNF-α, IL-1β, and IL-6 (13, 14, 33). Thus, MK2 was unveiled as a promising option for the treatment of neural diseases.

MMI-0100, a cell-permeable peptide inhibitor of MK2, exhibits anti-inflammatory effects, including reduction of fibrosis, apoptosis, and systolic dysfunction, and is currently in clinical trials for the treatment of pulmonary fibrosis (17, 34, 35). In our study, i.c.v. administration of Aβ1−42 or LPS impaired memory functions in mice, which is consistent with previous reports (36, 37). The present study, for the first time, demonstrated that i.c.v. administration of MMI-0100, a peptide consisting 22 amino acids, could significantly ameliorate the memory deficit induced by Aβ1−42 or LPS in object and location memory tasks. Multiple reports indicate that the hippocampus plays an important role in cognition, and its dysfunction could damage the procession of memory (38, 39). Further investigation shows that intrahippocampus MMI-0100 alleviates the memory-impairing effects of Aβ1−42 or LPS.

The underlying mechanism of this neuroprotection of MMI-0100 may be involved in inhibiting the activation of glial cells and production of pro-inflammatory cytokines. In this study, i.c.v. administration of LPS significantly increased markers of microglia (CD11b) and astrocytes (GFAP) expression, while the expression of both markers was markedly decreased in the MMI-0100-treated mice. These results suggest that MMI-0100 suppressed the activation of microglia and astrocytes induced by LPS in mouse brain. Meanwhile, qRT-PCR and Western blotting experiments were applied to detect that a series of pro-inflammatory cytokines, including IL-6, IL-1β, TNF-α, and iNOS, were dramatically increased in the hippocampus of LPS- or Aβ1−42-treated mice. Furthermore, these pro-inflammatory factors were significantly down-regulated after MMI-0100 application. Taken together, these results show that MMI-0100 ameliorates the memory deficit induced by Aβ1−42 or LPS in object and location memory tasks, possibly via inhibiting the microglia, and astrocyte activation and reduced inflammatory processes. Subsequently, our data further showed that the phosphorylation of MK2 was significantly up-regulated in the hippocampus of LPS- or Aβ1−42-induced AD model mice, which is in line with previous works (12, 40). MMI-0100 treatment markedly inhibited phosphorylation of MK2, but not the phosphorylation of ERK, JNK, and p38 by Western blotting. This study demonstrated that MMI-0100 significantly inhibited inflammatory response by attenuating LPS- or Aβ1−42-induced MK2 phosphorylation in vivo.

Microglia, the macrophages and immune defense of the brain in CNS, are activated to secrete several pro-inflammatory cytokines and neurotoxic mediators around the amyloid plaques in AD brain (4, 6). We therefore were interested in the anti-inflammatory effects of MMI-0100 in LPS-treated BV-2 microglia cells. Indeed, the results demonstrated a reduction in the expression of the pro-inflammatory mediators such as IL-6, IL-1β, TNF-α, COX-2, and iNOS upon co-treatment with MMI-0100 in LPS-treated BV-2 microglia cells. Meanwhile, the phosphorylation of MK2 could be reduced dramatically with MMI-0100. Overall, our findings suggested that MMI-0100 inhibited LPS-induced neuroinflammation through the MK2 pathway, indicating that MMI-0100 could be a potential drug for the treatment of AD.

Intranasal infusion allows drugs to rapidly enter the CNS via intracellular neuronal olfactory and extracellular trigeminal associated pathways, bypassing the BBB to effectively interact with their receptors in multiple brain regions (19, 20, 41). Due to the failure of Solanezumab in Phase III trials, brain-targeting drugs that can cross the BBB is the most important consideration (18). Given that MMI-0100 is a cell-permeant MK2 inhibitor peptide, our work also underscores the clinical potential of intranasal MMI-0100 treatment. The results showed that intranasal administration of MMI-0100 significantly ameliorated the memory deficit induced by LPS or Aβ1−42 in NOR and OLR tasks. To demonstrate the delivery of MMI-0100 into the mouse brain, ex vivo fluorescence imaging experiments were performed. A strong NIR fluorescent signal coming from Cy7.5-MMI-0100 was observed over the whole brain at 2 h after intranasal injected peptide. Brains from control mice treated with Cy7.5 or saline alone displayed no significant signal. Intranasal MMI-0100 ameliorates the memory deficit induced by LPS or Aβ1−42, and this route of administration has the potential for non-invasive therapeutic intervention for depression.



CONCLUSIONS

Overall, the present study firstly demonstrated that central injection of MMI-0100 relieves memory impairment induced by LPS or Aβ1−42 and provides neuroprotection against LPS- or Aβ1−42-induced neuroinflammation in vitro and in vivo, and the mechanisms may be related with down-regulation of MK2 pathways. Meanwhile, intranasal administration of MMI-0100 significantly ameliorates the memory deficit induced by Aβ1−42 or LPS in object and location memory tasks. Near-infrared fluorescent and confocal microscopy experiments were applied to detect the brain uptake and distribution of intranasal MMI-0100. Together, the previous reports and present results suggest that MK2 protein target may represent a novel treatment strategy for neuroinflammation disease. Moreover, intranasal infusion of MMI-0100 bypassed the BBB to rapidly enter the brain, which is a novel promising treatment for the CNS disease.
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CX3CR1 is a chemokine receptor expressed on microglia that binds Fractalkine (CX3CL1) and regulates microglial recruitment to sites of neuroinflammation. Full deletion of CX3CR1 in mouse models of Alzheimer's disease have opposing effects on amyloid-β and tau pathologies raising concerns about the benefits of targeting CX3CR1 for treatment of this disease. Since most therapies achieve only partial blockade of their targets, we investigated the effects of partial CX3CR1 deficiency on the development and progression of amyloid-β deposition in the PS1-APP Alzheimer's mouse model. We generated PS1-APP mice heterozygous for CX3CR1 (PS1-APP-CX3CR1+/−) and analyzed these mice for Alzheimer's-like pathology. We found that partial CX3CR1 deficiency was associated with a significant reduction in Aβ levels and in senile-like plaque load in the brain as compared with age-matched PS1-APP mice. Reduced Aβ level in the brain was associated with improved cognitive function. Levels of the neuronal-expressed Aβ-degrading enzymes insulysin and matrix metalloproteinase 9, which are reduced in the brains of regular PS1-APP mice, were significantly higher in PS1-APP-CX3CR1+/− mice. Our data indicate that lowering CX3CR1 levels or partially inhibiting its activity in the brain may be a therapeutic strategy to increase neuronal Aβ clearance, reduce Aβ levels and delay progression of Alzheimer's-Like disease. Our findings also suggest a novel pathway where microglial CX3CR1 can regulates gene expression in neurons.

Keywords: microglia, Alzheimer's disease, CX3CR1, Aβ-degrading enzymes, fractalkine, chemokines


INTRODUCTION

Deposition of amyloid-β (Aβ) in the brain is one of the pathological hallmarks of Alzheimer's disease (AD). Aβ levels in the brain are regulated by several mechanisms: (1) the pathways that generate Aβ consisting of β-secretase and the γ-secretase complex (1); (2) the enzymes that clear Aβ by means of degradation, such as neprilysin, insulysin (IDE), and matrix metalloproteinase 9 (MMP9) (2, 3); (3) clearance of Aβ through phagocytosis by mononuclear phagocytes/microglia and astrocytes, and (4) transport across the blood brain barrier (4). Progression of Alzheimer's disease is associated with reduced Aβ-clearing pathways resulting in Aβ accumulation (4–6).

Chemokines are chemotactic cytokines that control recruitment of mononuclear phagocytes to sites of inflammation (7). CX3CR1 is a chemokine receptor expressed on microglia and a subset of monocytes (8, 9). CX3CR1 and its chemokine ligand fractalkine (CX3CL1) have been implicated in the recruitment of mononuclear phagocytes to sites of inflammation and injury (7, 10, 11) and play roles in the pathogenesis of several inflammatory conditions, including atherosclerosis (12, 13), neuropathic pain (14), and asthma (15). In Alzheimer's disease complete deletion of CX3CR1 in models of amyloid deposition reduced Aβ deposits and enhanced microglial Aβ phagocytic ability (16, 17). These studies provided important insight on the role of CX3CR1 in AD and suggested that targeting CX3CR1 activity may be a therapeutic strategy to lower Aβ levels. It is unlikely that pharmacologic targeting of CX3CR1 will achieve the effects of complete deletion of this receptor as in CX3CR1−/− mice. However, it is possible to achieve partial inhibition of CX3CR1 activity pharmacologically, similar to what is observed in mice heterozygous for this receptor (CX3CR1+/−).

To investigate the effect of partial CX3CR1 deficiency on progression of AD, we used bigenic mice expressing mutation of presenilin 1 and the amyloid precursor protein with the Swedish mutation (PS1-APP) (18, 19), and analyzed Alzheimer's-like pathology in PS1-APP mice heterozygous for CX3CR1 (PS1-APP-CX3CR1+/−). We found that partial CX3CR1 deficiency reduced plaque load and Aβ levels in the brains and mitigated the memory deficit in PS1-APP mice. This was associated with increased levels of the neuronal-expressed Aβ-degrading enzymes insulysin and MMP9, suggesting that partial microglial CX3CR1 deficiency restores the ability of neurons to clear Aβ. Since neuronal fractalkine is the only known ligand for CX3CR1, our results also suggest a novel pathway through which microglia can regulate neuronal gene expression possibly via CX3CR1-fractalkine interactions.



MATERIALS AND METHODS


Mice

PS1-APP transgenic mice (B6C3-Tg (APPswe, PSEN1dE9)85Dbo/J stock number 004462) were purchased from The Jackson Laboratories and subsequently bred in the animal care facilities at Massachusetts General Hospital to a C57BL6 background. These mice co-express two genetic mutations that are associated with familial AD: a “humanized” Swedish amyloid precursor protein mutation (APP695SWE) and a mutant exon-9-deleted variant of human presenilin 1 (PSEN1/dE9). The APP and PSEN1 transgenes are integrated into a single locus and are independently under the control of separate mouse prion protein promoter elements, which direct expression of the transgenes predominantly to central nervous system neurons (18, 19).

CX3CR1-GFP mice were a generous gift from Dan Littman (New York University, New York). In this mouse strain, the CX3CR1 gene has been replaced by Green Fluorescent protein (GFP) reporter gene (20) and is maintained in the animal care facilities at Massachusetts General Hospital on a C57BL6 background. For our experiments, PS1-APP heterozygous mice were crossed with C57Bl/6 to generate PS1-APP heterozygous progeny and their WT littermates. In parallel breeding, CX3CR1−/− mice were crossed with PS1-APP heterozygous mice and the resulting pups were genotyped at the time of weaning to select PS1-APP-CX3CR1+/− genotypes. PS1-APP-CX3CR1+/− F1 mice were also bred with CX3CR−/− mice to obtain the desired genotypes PS1-APP-CX3CR1+/−, PS1-APP-CX3CR1−/−, WT-CX3CR1+/−, and WT-CX3CR1−/−. PS1-APP-CX3CR1+/− mice are heterozygous for CX3CR1 and PS1-APP-CX3CR1−/− mice have no functional CX3CR1 and both genotypes express GFP. In both genotypes, monocytes and microglia appear green under fluorescent microscopy. Because of the limited number of mice that can be generated, only male mice were used at ages ranging from 5 to 24 months and euthanized according to approved institutional procedures. All protocols were approved by the Massachusetts General Hospital Institutional Animal Care and Use Committee and met US National Institutes of Health guidelines for the humane care of animals.



Immunofluorescence Staining for Total Aβ-Containing Plaques

Brains were harvested from transgenic PS1-APP, their WT littermates, PS1-APP-CX3CR1−/− or PS1-APP-CX3CR1+/− and fixed in 2% paraformaldehyde (PFA) in phosphate buffered saline (PBS) (Mediatech Inc., Manassas, VA) pH 7.5 overnight at 4°C. The fixed brains were then placed in 30% sucrose overnight at 4°C for cryoprotection. Brains were embedded in Tissue-Tek O.C.T compound (Sakura Finetek USA Inc., Torrance, CA) and cut into 10–12 μm frozen sections. To stain plaques of all sizes, sections were blocked with PBS/0.3%Triton-X 100/2% goat serum for 30 min, then incubated at 25°C overnight with rabbit anti-Aβ pan antibody (Life Technologies, Grand Island, NY) in 0.3% Triton X-100 and 2% goat serum. The slides were rinsed three times in PBS/0.3% TritonX-100 and then incubated with anti-rabbit IgG coupled to Alexa555, rinsed and mounted with VectaShield (Vector Laboratories Inc., Burlingame, CA). Slides were viewed by fluorescence microscopy and digitally photographed on Nikon Eclipse ME600 microscope with Nikon DXM 1200C camera system at 40X total magnification. The number of Aβ deposits in the cortex and hippocampus was quantified using Nikon NIS Elements Advanced Research Software, version 2.3. The number of Aβ deposits stained with the antibody was measured for each slice using three slices per mouse. Aβ-deposit area fraction (AβAF), which is the total area stained for Aβ counted in a defined region relative to the total area of that region, was calculated by the software.



Staining for Insulysin and Other Cell Markers

Frozen sections were fixed in acetone for 2 min then blocked for 1 h with 1.5% donkey serum in PBS. Sections were then co-stained for insulysin with goat anti-IDE (1 μg/ml, Sigma) and for the astrocyte marker GFAP with rabbit anti-GFAP (5 μg/ml, DAKO North America Inc., Carpinteria, CA) or for insulysin and a neuronal marker MAP2 (1:1,000, Abcam, Cambridge, MA). Control antibodies from the same companies as the primary antibodies were used in parallel. After rinsing three times in PBS secondary antibodies (Life Technologies) were added for 30 min: Alexa488-labeled donkey anti-rabbit (4 μg/ml), Alexa555-labeled donkey anti-goat (4 μg/ml). Slides were then rinsed and mounted with VectaMount and digitally photographed via fluorescence microscopy at total magnification of 400X.



Isolation of CD11b+ Cells

Transgenic PS1-APP, their WT litter mates, PS1-APP/CX3CR1−/− or PS1-APP/CX3CR1+/− were euthanized and perfused with 30 cc PBS without Ca++ and Mg++ (PBS=). Brains were then removed, rinsed in PBS= and placed separately into a C-tube (Miltenyi Biotech, Auburn, CA) with RPMI (no phenol red) containing 2 mM L-glutamine (Mediatech), Dispase (2 U/ml) and 0.2% Collagenase Type 3 (Worthington Biochemicals, Lakewood, NJ) according to our previous protocol (5). Brains were processed using the gentleMACS Dissociator (Miltenyi Biotech) on the brain program settings according to manufacturer's directions. Briefly, the brains were subjected to three rounds of dissociation each followed by a period of incubation at 37°C. After the second round of dissociation, DNase I grade II (Roche Applied Science, Indianapolis, IN) was added at a concentration of 40 U/ml and incubated for an additional 10 min before the final round of dissociation. The digestion enzymes were inactivated by addition of PBS= containing 2 mM EDTA and 5% fetal bovine serum (FBS) and the digested brain bits were triturated gently and passed over a 100 μm filter (Fisher Scientific, Pittsburgh, PA). Cell pellets were resuspended in 10.5 ml RPMI/L glutamine, mixed gently with 4.5 ml physiologic Percoll® (Sigma Aldrich), and centrifuged at 850 × g for 45 min. The cell pellet was resuspended in PBS= and then passed over a 40 μm filter (Fisher Scientific), centrifuged and washed again with PBS=. Microglia were then isolated as previously described (9). The number of cells isolated per hemisphere were recorded as shown in Figure 2C. Cells were centrifuged, and the pellets were lysed in RLT-Plus buffer from the RNeasy® Plus mini kit (Qiagen Inc., Valencia, CA) to use for QPCR.



Co-staining of Brains for CD11b and Aβ Plaques

Frozen sections from PS1-APP, WT littermates, and PS1-APP/CX3CR1−/− or PS1-APP/CX3CR1+/− were fixed in acetone for 2 min, washed in PBS, then treated with 0.25% trypsin for antigen retrieval. Endogenous peroxidase activity was quenched with 0.3% H2O2 followed by blocking with 1.5% donkey serum in PBS. Sections were incubated overnight at 25°C with rat anti-CD11b (clone 5C6) (AbD Serotec) or rat IgG2b negative control (AbD Serotec) each at 10 μg/ml in PBS with 1.5% donkey serum. The slides were then processed using the Vectastain® Elite ABC reagent (Vector laboratories) according to the manufacturer's instructions followed by development with the NovaRed™ Peroxidase Substrate kit. Aβ-containing plaques were stained with 1% Thioflavin-S (Sigma Aldrich) for 5 min in the dark. Finally, the sections were counterstained with hematoxylin, mounted with VectaMount and digitally photographed via brightfield microscopy to detect CD11b, and via fluorescence to visualize Thioflavin-S. Since different size plaques can exist within any single mouse at any single age, the size of the plaques was determined using Image J and the number of CD11b positive cells associated with plaques ≥75 μm in their largest diameter was quantified by two independent blinded laboratory members. A minimum of 80 plaques were counted per genotype.



Quantification of Aβ (1-42) and Aβ (1-40)

Brains from transgenic PS1-APP, WT littermates, and PS1-APP-CX3CR1+/− were harvested sans cerebellum, weighed and homogenized in 8X weight/volume of 5M guanidine using the TissueRuptor (Qiagen) homogenizer. Total Aβ (1-42) and Aβ (1-40) were measured in whole brain homogenates using colorimetric immunoassay kit for human Aβ (1-42) and Aβ (1-40) (Life Technologies) according to manufacturer's instructions. Briefly, brain homogenates were diluted and added to wells coated with a monoclonal antibody specific for the NH-terminus of human Aβ and co-incubated with a rabbit antibody specific for the COOH-terminus of Aβ (1-42) or Aβ (1-40). Horseradish peroxidase labeled anti-rabbit IgG is used to detect bound rabbit antibody through use of substrate solution. Amount of Aβ (1-42) and Aβ (1-40) in brain samples was determine using a standard curve of known amounts of human Aβ (1-42) or Aβ (1-40) supplied with the kits.



Quantitative Real Time PCR

Total RNA from CD11b+ cells was isolated using the RNeasy® Plus mini kit for RNA isolation (Qiagen) and RNA from whole brain homogenates was isolated using the RNeasy® Lipid Tissue kit (Qiagen) according to the manufacturer's instructions and quantified using the Nanodrop™ 2000 (Thermo Fisher Scientific, Waltham, MA). RNAs (500 ng−1.5 μg) were reverse transcribed using the RT2−first strand kit (SA Biosciences). The qPCR was performed with the MX4000™ unit (Agilent Technologies, Santa Clara, CA) using SYBR Green to detect the amplification products as described (21, 22). The following cycles were performed: initial denaturation cycle 95°C for 10 min, followed by 40 amplification cycles of 95°C for 15 s and 60°C for 1 min and ending with one cycle at 25°C for 15 s. Analysis was performed on the data output from the MX4000™ software (Agilent technologies) using Microsoft Excel XP. Relative quantification of mRNA expression was calculated by the comparative cycle method described by the manufacturer (Agilent technologies). Primer sequences used were as follows: CX3CR1 (forward) ACCGGTACCTTGCCATCGT (reverse) ACACCGTGCTGCACTGTCC. β2 microglobulin (forward) CCGAACATACTGAACTGCTAC (Reverse) CCCGTTCTTCAGCATTTGGA. Insulysin (Forward) GAAGACAAACGGGAATACCGTG (Reverse) CCGCTGAGGACTTGTCTGTG. Neprilysin (Forward) GCAGCCTCAGCCGAAACTAC (Reverse) CACCGTCTCCATGTTGCAGT. MMP9 (Forward) GCCATGCACTGGGCTTAGAT (Reverse) TCTTTATTCAGAGGGAAGCCCTC.



Behavioral Studies: Barnes Maze

The Barnes maze is a spatial learning task that allows a subject to escape from aversive stimuli, such as bright light, by using environmental cues to locate an escape box. The Barnes maze (Stoelting, Wood Dale, IL) is a light gray circular acrylic table top that is 91 cm in diameter with 20 equally spaced holes that are each 5 cm in diameter and 5 cm from the edge. Under one of the holes an escape box (target box) is mounted that allows an animal to enter and escape while the remaining holes are equipped with false escape boxes that do not allow entry but will remove any cues that may be viewed through open holes. We used a protocol that allowed detection of spatial learning deficits in PS1-APP mice that had been trained first with the cued version followed by the non-cued version (23). Mice show impaired spatial learning in the non-cued, hidden-fixed target version, but not in the cued-variable version. In the cued-variable version of the Barnes maze, the target hole is marked with a conspicuous polystyrene cone next to the target hole on the maze surface and the target location is varied from trial to trial. In the non-cued, hidden target version, the target hole was always located in the same place relative to extra-maze cues, but the maze itself was rotated between trials and thoroughly cleaned to eliminate intra-maze cues such as odor. Using this protocol, we tested WT, PS1-APP, and PS1-APP/CX3CR1 −/+ mice 280–300 days of age. To begin each trial, the subject was placed in the middle of the maze and covered with a black box for 10 s before being released. The mouse was then allowed to explore the maze until it entered the target box up to 180 s. If a mouse did not find the target after 180 s, it was gently guided to the correct hole and allowed to enter. Once in the escape box, the hole was covered, and the mouse was allowed to sit inside the box for 1 min before being gently returned to its home cage. Training sessions comprised three trials per mouse, with a rest interval of 20–25 min between trials. On the fifth day, a single 90-s probe trial was run in which all holes were blocked and the number of pokes into the “target” hole and adjacent holes were counted. The probe trial is performed in order to determine if the mouse remembers the location of the target. Cued-variable target and non-cued, hidden target sessions were run on four consecutive days each. The principle measure was errors time to enter target hole (escape latency). All experiments were videotaped, and the input was analyzed using the AnyMaze software (Stoelting).



Statistical Analysis

Statistical analysis was performed using student T-test or one-way ANOVA with between-groups differences determined by Tukey analysis provided in the “Microcal Origin 8” graphics and statistics software and p < 0.05 were considered significant.




RESULTS


CX3CR1 Deficiency Is Associated With Reduced Plaque Load and Reduced Aβ Levels in PS1-APP Mice

To determine the effect of CX3CR1 deficiency on AD-like pathology in PS1-APP mice, we assessed Aβ load and levels in brains of PS1-APP transgenic mice and PS1-APP-CX3CR1 deficient mice at 10 months of age. In studies to assess Aβ load, fixed-frozen sections were stained with a polyclonal pan-Aβ antibody that recognizes both Aβ (1-42) and Aβ (1-40) in areas of Aβ deposit. The number of Aβ deposits per section (cortex + hippocampus) and Aβ-deposit area fraction (AβAF) were quantified in PS1-APP, PS1-APP-CX3CR1+/−, and PS1-APP-CX3CR1−/− mice. Compared with PS1-APP mice, there were significant decreases in the number of Aβ-deposits (Figure 1A) and AβAF (Figure 1B) in both PS1-APP-CX3CR1-deficient genotypes. The number of Aβ deposits per section in PS1-APP-CX3CR1+/− and APP-CX3CR1−/− mice was reduced to 58% (818 ± 81, p = 0.006) and 35% (501 ± 144, p = 0.007), respectively, of PS1-APP mice (1,409 ± 189). PS1-APP-CX3CR1−/− mice did not have a statistically different number of Aβ deposits than PS1-APP-CX3CR1+/− mice. In addition to reduced Aβ-deposit number, the AβAF was also significantly reduced in PS1-APP-CX3CR1-deficient mice compared to PS1-APP mice. AβAF in PS1-APP-CX3CR1+/− mice was reduced to 60% of PS1-APP values (0.015 ± 0.0017 vs. 0.025 ± 0.0038, p = 0.035) and in PS1-APP-CX3CR1−/− mice it was reduced to 44.8% (0.0112 ± 0.0033 vs. 0.025 ± 0.0038, p = 0.023). The difference in AβAF of PS1-APP-CX3CR1+/− and PS1-APP-CX3CR1−/− was not statistically significant. Quantitative PCR analysis confirmed that CX3CR1 RNA was not detectable in microglia isolated from PS1-APP-CX3CR1−/− mice and that level of CX3CR1 RNA in microglia from PS1-APP-CX3CR1+/− mice was ~54% of that of microglia from PS1-APP mice confirming a gene dosage effect on CX3CR1 expression (Figure 1C). Figure 1D shows examples of immunofluorescent staining with Pan-Aβ antibody in PS1-APP, PS1-APP-CX3CR1+/−, and PS1-APP-CX3CR1−/− brains.
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FIGURE 1. CX3CR1 deficiency results in reduced Aβ deposits and levels of Aβ in 10-month old PS1-APP-CX3CR1-deficient genotypes. (A–C) Fixed brain sections from 10-month old PS1-APP, PS1-APP-CX3CR1+/−, and PS1-APP-CX3CR1−/− mice were stained using polyclonal pan-Aβ antibody. The number of Aβ deposits (A) and Aβ-deposit area fraction (B) were determined using three sections per mouse (Values represent group mean ± SEM). (C) Quantitative PCR measurements of CX3CR1 RNA in 10-month old PS1-APP, PS1-APP-CX3CR1+/−, and PS1-APP-CX3CR1−/− microglia show a gene dosage effect. (D) Representative fluorescent micrographs of plaques (red) in PS1-APP, PS1-APP-CX3CR1+/−, and PS1-APP-CX3CR1−/− mice. For all measurements in this figure, n = 6 for PS1-APP, n = 7 for PS1-APP-CX3CR1+/−, and n = 3 for PS1-APP-CX3CR1−/−. * represent statistically significant.


Because there were no significant differences in Aβ deposits between PS1-APP-CX3CR1+/− and PS1-APP-CX3CR1−/−, we focused subsequent analysis on PS1-APP-CX3CR1+/− mice. The reduction in plaque number and AβAF in PS1-APP-CX3CR1-deficient mice correlated with reduced levels of Aβ (1-42) and Aβ (1-40) in brain homogenates as determined by a commercial ELISA kit (Figures 2A,B). There was a 2.6-fold decrease in Aβ (1-42) in PS1-APP-CX3CR1+/− mice compared with PS1-APP mice (Figure 2A) (7.56 ng/mg brain ± 0.41 vs. 19.8 ± 2.6 ng/mg brain, p = 0.0004. Levels of Aβ (1-40) were also significantly reduced in PS1-APP-CX3CR1+/− mice (Figure 2B). Aβ (1-40) levels were 3.5-fold lower in PS1-APP-CX3CR+/− brain homogenates compared with PS1-APP brains (0.10 ± 0.011 vs. 0.35 ± 0.039 ng/mg brain, p = 0.0005). These data indicate that partial CX3CR1 deficiency in heterozygous PS1-APP-CX3CR+/− is associated with a significant reduction in Aβ deposits and load and in the levels of Aβ (1-42) and (1-40) compared to PS1-APP mice and that complete deletion of CX3CR1 is not necessary to confer beneficial effects on AD-like pathology in these mice.
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FIGURE 2. Partial CX3CR1 deficiency affects Aβ levels but does not affect total microglial numbers or the numbers of plaque-associated microglia. Quantification of (A) Aβ (1-42) and (B) Aβ (1-40) by ELISA in brain homogenates of 10-month old mice (Numbers represent mean ng of Aβ/mg brain ± SEM). (C) Quantification of total number of microglia isolated per hemisphere. (D) Quantification of the number of CD11b+ cells associated per plaque ≥75 μm in diameter. (E) Representative micrographs of plaques (green) and microglia (brown) in PS1-APP and PS1-APP-CX3CR1+/− mice. For all measurements in this figure, n = 6 for PS1-APP, n = 7 for PS1-APP-CX3CR1+/−. For (E) 80 plaques were counted per genotype. * represent statistically significant.




Partial CX3CR1 Deficiency Does Not Affect Microglial Number and Association With Plaques of the Same Size

To determine if partial CX3CR1 deficiency affects overall microglial numbers in the brain, we quantified the total number of microglia harvested per hemisphere of PS1-APP-CX3CR1+/− and PS1-APP mice and found no statistically significant differences between the two genotypes (Figure 2C). We also compared the numbers of CD11b+ cells associated per plaque and found that when comparing same size plaques (≥75 μm) there were no statistically significant differences between the two genotypes (Figures 2D,E). These data show that partial CX3CR1 deficiency does not affect the total number of microglia or accumulation of microglia at sites of Aβ accumulation.



Partial CX3CR1 Deficiency in PS1-APP-CX3CR1+/− Mice Is Associated With Reduced Aβ Load as Early as 5 Months of Age and Continues to 24 Months

To determine if the effect of partial CX3CR1 deficiency on Aβ deposition and levels starts early and persists at advanced stages of disease in PS1-APP mice, we assessed the effect of CX3CR1 deficiency on AβAF in brains of PS1-APP and PS1-APP/CX3CR1+/− mice at 5 and 24 months of age. In 5-month old animals there was a significant 5.5-fold reduction in AβAF (Figure 3A) in PS1-APP-CX3CR1+/− compared with PS1-APP mice (0.0011 ± 0.0003 vs. 0.0061 ± 0.0009, respectively, p = 0.001).
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FIGURE 3. CX3CR1 deficiency results in reduced plaque-load in 5- and 24-month old PS1-APP-CX3CR1+/− mice. (A,B) Brain sections from PS1-APP and PS1-APP-CX3CR1+/− mice at 5 and 24-months of age were stained and Aβ area fraction (AβAF) was determined for hippocampus + cortex in mice at 5 and 24-months of age. (A) At 5 months of age AβAF is significantly reduced in PS1-APP-CX3CR1+/− (n = 3) mice compared with PS1-APP mice (n = 8). (B) At 24- months of age, AβAF is also significantly reduced in PS1-APP-CX3CR1+/− (n = 5) mice compared with PS1-APP mice (n = 6). For all groups three sections per mouse were quantified and numbers represent group mean ± SEM. * represent statistically significant.


Similarly, at 24-months of age there were significant decreases in AβAF in -APP-CX3CR1+/− (38% reduction, 0.027 ± 0.003, p = 0.02) compared with PS1-APP brains (0.044 ± 0.0034) (Figure 3B). These data indicate that partial CX3CR1 deficiency slows the accumulation of Aβ in PS1-APP mice starting early in the disease process and continues to do so at late disease stages.



CX3CR1 Deficiency Is Associated With Increased IDE Levels in PS1-APP-CX3CR1+/− Mice

Aβ levels in the brain are regulated in part by several Aβ-degrading enzymes, including insulin degrading enzyme (IDE-insulysin), neprilysin and matrix metalloprotease 9 (MMP9) (4). Progression of Alzheimer's disease in humans and mouse models of the disease is associated with reduced expression of these Aβ-clearing enzymes resulting in decreased Aβ clearance and increased Aβ accumulation (5, 24). Because partial CX3CR1 deficiency is associated with lower Aβ levels and decreased plaque load in PS1-APP mice, we hypothesized that under pathological conditions such as AD, CX3CR1 may regulate expression of Aβ degrading enzymes. To test this hypothesis, we measured RNA levels of IDE, neprilysin, and MMP9 in brain homogenates of PS1-APP, their wild type (WT) littermate controls, PS1APP-CX3CR1+/− mice and their CX3CR1+/− littermate controls. IDE RNA (expressed as percent of appropriate littermate controls), was reduced in brains of PS1APP to 19.0% (±2.0) of control level while in PS1-APP-CX3CR1+/− it was reduced to only 43% (±5.1) of control (Figure 4A). The differences in expression of IDE RNA between PS1-APP mice and PS1-APP-CX3CR1+/− mice was significant (p = 0.003). These data indicate that there is an inverse relationship between CX3CR1 and IDE expression and suggest that partial CX3CR1 deficiency upregulates expression of IDE.
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FIGURE 4. Increased levels of insulysin RNA in brains of CX3CR1-deficient PS1-APP transgenic mice. (A) RNA was extracted from brains of PS1-APP, WT, PS1-APP-CX3CR1+/−, and CX3CR1+/− mice and assessed for expression of insulysin (IDE) by qPCR. Data represent mean percent of appropriate control ± SEM (n = 6 per genotype). (B–D) CX3CR1-dficient or WT mouse brain sections were co-stained for IDE and cell-specific markers and photographed by fluorescence microscopy at 40X magnification. (B) WT brain section co-stained for the astrocyte marker GFAP (green cells), for IDE (red cells). Most of the cells stained for IDE do not express GFAP. (C) CX3CR1-deficient brain section showing GFP-expressing microglia (green) and stained for IDE (red cells). Most of the microglia do not show detectable levels of IDE. (D) WT mouse brain slices co-stained for a neuronal marker MAP2 (green cells) and IDE (red cells). Most of the MAP2-expressing cells (neurons) also express IDE. * represent statistically significant.


To identify the brain cells that predominantly expressed IDE, fixed frozen sections from CX3CR1deficient brains were stained for IDE and sections from WT mice were co-stained for IDE and MAP2 (neuronal marker) or for IDE and GFAP (astrocyte marker). Co-staining for IDE (red) and GFAP (green, Figure 4B) showed very little co-staining of IDE in GFAP containing cells and intense staining for IDE in cells lacking GFAP. In Figure 4C, GFP-positive microglia are seen evenly distributed or as small clusters, but IDE was much less detectable in microglia compared with intense positive staining seen in other cells throughout the brain. In contrast, co-staining for IDE (red) and MAP2 (green) shows intense positive stain for IDE in neurons containing MAP2 (yellow, Figure 4D). It is possible that detection of IDE protein in microglia and astrocytes is limited by the sensitivity of the staining assay. However, our data strongly suggests that the bulk of IDE expression in the brain occurs in neurons.



Effect of CX3CR1 Deficiency on Levels of Neprilysin and MMP9 in Brains of PS1-APP/CX3CR1-Deficient Mice

In addition to IDE, Aβ levels in the brain can be regulated by neprilysin, another important Aβ-degrading enzyme. To determine if CX3CR1 deficiency is also associated with up-regulation of neprilysin levels similar to what we observed with IDE, we measured expression of neprilysin in brains of PS1-APP, their WT littermate controls, PS1APP-CX3CR1+/− mice, and their controls in the brain. In contrast to what we observed with IDE, we did not find any significant differences in neprilysin expression in the brains of PS1-APP and PS1-APP/CX3CR1+/− mice (Data not shown).

MMP9 is an important Aβ-degrading enzyme expressed on microglia (25) and neurons (26). To determine if CX3CR1 deficiency is also associated with up-regulation of MMP9 levels similar to what we observed with IDE, we measured MMP9 RNA in the brains of PS1-APP, PS1APP-CX3CR1+/−, and their CX3CR1+/− littermates. There were statistically significant differences in MMP9 expression in PS1-APP-CX3CR1+/− compared with PS1-APP mice (Figure 5). PS1-APP mice MMP9 levels fell to 33.6% (±3.5) of controls, while PS1-APP/CX3CR1+/− mice MMP9 expression was only reduced to 56.9% (±3.9) of controls. Compared with PS1-APP mice, MMP9 levels in PS1-APP/CX3CR1+/− were 69% higher (p = 0.004). These data indicate that, similar to IDE, partial CX3CR1-deficiency mitigates the reduction in MMP9 observed in aging PS1-APP mice.
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FIGURE 5. Effects of CX3CR1-deficiency on levels of MMP9 RNA in the whole brains of PS1-APP mice. RNA was extracted from brains of PS1-APP, WT, PS1-APP-CX3CR1+/−, and CX3CR1+/− mice and assessed for expression of MMP9 by qPCR. Data are expressed as mean percent of appropriate control ± SEM (n = 6 per genotype). * represent statistically significant.




CX3CR1 Deficiency Is Associated With Increased Levels of Aβ-Degrading Enzymes in Brain Homogenates of PS1-APP-CX3CR1+/− Mice but Not in Their Microglia

We have previously shown that expression of IDE in microglia from PS1-APP mice decreases with age and progression of AD-like pathology (5). To determine if the significant preservation of IDE in PS1-APP-CX3CR1-deficient mice occurs in microglia as well as in whole brain, we measured IDE (Figure 6A) and MMP9 (Figure 6B) expression in freshly isolated microglia from 24-month old WT, PS1-APP, and PS1-APP-CX3CR1+/− mice. IDE RNA levels in PS1-APP microglia were significantly reduced to 42% of WT control microglia (0.0056 ± 0.00055 vs. 0.014 ± 0.002, p = 0.0003). IDE expression in PS1-APP/CX3CR1+/− microglia was also significantly decreased to 45% of WT control levels (0.0063 ± 0.00039 vs. 0.014 ± 0.002, p = 0.001). In contrast to findings in whole brain where IDE levels in PS1-APP/CX3CR1+/− mice were significantly higher than in PS1-APP mice, IDE expression in microglia from PS1-APP/CX3CR1+/− remained at the lower levels seen in PS1-APP mice. These data indicate that CX3CR1 deficiency in microglia results in preservation or maintenance of IDE levels in brain cells other than microglia. IDE expression in microglia from WT mice was 54-fold lower than in whole brains from mice of the same age, suggesting that the bulk of IDE expressed in the brain of 2-year old mice occurs in cells other than microglia.
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FIGURE 6. Effects of CX3CR1 deficiency on expression of IDE and MMP9 in microglia from WT, PS1-APP, and PS1-APP-CX3CR1+/− mice. Expression of IDE (A) MMP9 (B) was analyzed by qPCR on RNA isolated from microglia freshly harvested from brains of PS1-APP, WT littermates, and PS1-APP-CX3CR1+/− mice at 24 months of age: WT brain (n = 6), WT microglia (n = 6), PS1-APP (n = 10), and PS1-APP-CX3CR1+/− (n = 6). Levels of enzymes are expressed relative to the β2M housekeeping gene and bars represent mean ± SEM. * represent statistically significant.


In contrast, expression of MMP9 in WT microglia was 6-fold higher than in whole brain (0.0062 ± 0.0018 vs. 0.00097 ± 0.00015, respectively) indicating that MMP9 is highly expressed in microglia but is also expressed in other cells of the brain. Expression of MMP9 in microglia from PS1-APP mice and PS1-APP/CX3CR1+/− mice was significantly decreased to 23% and 20% of WT microglia (0.0014 ± 0.00029 and 0.0012 ± 0.00029 vs. 0.006 ± 0.0019), respectively. These data indicate that microglial CX3CR1 deficiency did not preserve expression of Aβ degrading enzymes in microglia, and that the preservation of MMP9 observed in mouse brains was due to the effects of CX3CR1-deficiency on cells other than microglia.



CX3CR1 Deficiency Is Associated With Improved Barnes Maze Function in PS1-APP-CX3CR1+/− Mice

To determine if the observed reduction in brain Aβ levels is associated with improved cognitive and memory functions in PS1-APP-CX3CR1+/− deficient mice, we tested visuo-spatial learning and memory in these mice using the Barnes maze. PS1-APP, PS1-APP/CX3CR1+/−, and WT littermate mice were tested at 300 days of age as detailed in materials and methods. Figure 7A shows results of escape latency (time to find target and hide in it) for the non-cued hidden fixed arm of the study on the four training days. On Day 1 there were no significant differences in the escape latencies between PS1-APP, PS1-APP-CX3CR1+/−, and WT mice. However, by Day 4, while all mice groups showed improvement in the escape latency, there were statistically significance decreases in both WT (15.57 ± 1.66, p < 0.05) and PS1-APP-CX3CR1+/− mice (16.27 ± 2.06, p < 0.05) escape latency compared to PS1-APP mice (34.9 ± 7.13 s). Figure 7B shows representative Day 4 tracings from mice in all three groups. WT and PS1-APP-CX3CR1+/− mice navigated to the escape box quickly, while the PS1-APP mice tended to meander and hesitated longer before identifying the correct hole with the escape box. A similar trend was observed when the mice were tested in the T maze, another test for spatial learning, but the differences did not reach statistical significance (data not shown). To determine if functions other than visuo-spatial learning and memory were different between the three groups, we used the open field test which measures exploratory behavior independent of memory or learning. As expected (27), PS1-APP, PS1-APP-CX3CR1+/−, and WT littermate mice showed no difference in exploratory behavior (data not shown).


[image: Figure 7]
FIGURE 7. PS1-APP-CX3CR1+/− mice perform better that PS1-APP in the Barnes maze behavioral test. Mice at 10-months of age were first trained for 5 days on cued-target Barnes maze and then data collected during a 4-day training using hidden-fixed target protocol on Barnes maze. Escape latency, which is the time for a subject to locate and enter the escape box, was collected for each mouse during all trials and is shown in (A) for Days 1 and 4 of the hidden-fixed target Barnes maze protocol (mean escape latency in s ± SEM). On Day 1 there were no significant differences in escape latencies between genotypes. By Day 4, PS1-APP animals took significantly longer to escape the maze compared with both WT and PS1-APP-CX3CR1+/− mice. (B) Shows representative maze tracings for each genotype on Day 4 of the hidden-fixed target protocol. Animal numbers are WT (n = 6), PS1-APP (n = 8) and PS1-APP-CX3CR1+/− (n = 6). * represent statistically significant.





DISCUSSION

This manuscript highlights three important findings. First, we show that partial CX3CR1 deficiency in PS1-APP-CX3CR1+/− mice is associated with significant reductions in the amount of Aβ (1-42) and (1-40) and the number of visible Aβ deposits in their brains compared to regular PS1-APP mice. Complete deletion of CX3CR1 in models of amyloid deposition have been shown to reduce Aβ deposits and enhanced microglial Aβ phagocytosis (16, 17). However, such complete deletion has also been associated with worsening memory deficits and tau pathology (28–31). Our findings show that partial CX3CR1 deletion restores the beneficial effects of lowering Aβ levels and show improvement in behavioral/cognitive testing. It remains to be seen whether partial CX3CR1 deletion affects tau pathology. However, in combined models of Aβ and tau pathology, Aβ deposition precedes and seems to drive tau pathology. We are currently exploring the effects of partial CX3CR1 deletion on disease progression in one of these combined models. Importantly, it is unlikely that pharmacologic targeting of CX3CR1 will achieve the effects of complete deletion of this receptor as in CX3CR1−/− mice. However, it is possible to achieve partial inhibition of CX3CR1 activity pharmacologically, similar to what is observed in CX3CR1+/− mice heterozygous for this receptor suggesting that the beneficial effects of partial blockade of CX3CR1 function are preserved while mitigating the harmful effects of such blockade.

The second important finding is that partial CX3CR1 deficiency is associated with altered gene expression of neuronal Aβ degrading enzymes. Microglia do not exist statically in the brain but actively patrol their immediate environment by constant extension and retraction of dendritic-like arms (31). During the course of their normal functioning they make contact with the surfaces of other cells, including neurons. Given the paired expression of CX3CL1 (fractalkine) on neurons and CX3CR1 on microglia in the brain, it has been proposed that the interactions between neurons and microglia mediated through the fractalkine-CX3CR1 complex may modulate microglia functions (30). Our data suggest that a reciprocal interaction may also be occurring and that microglia may regulate neuronal function and gene expression profile via the fractalkine-CX3CR1 pathway. Indeed, by examining the gene expression profile of whole brains and of purified microglia, we found that partial microglial CX3CR1 deficiency reverses or slows the reduction in insulysin and MMP9 Aβ-degrading enzymes observed in PS1-APP mice as they age, and their AD-like pathology progresses. For insulysin, such restoration appears to occur exclusively in neurons, since IDE is expressed predominantly in neurons as evidenced by immuofluorescence staining of brain slices. Similarly, when we evaluated the Aβ-degrading enzyme MMP9, which is expressed in microglia and neurons, we also found reduced expression with aging and AD progression, CX3CR1 deficiency did not restore expression of this enzyme to WT levels in microglia but there was restoration of MMP9 in whole brain. These observations are not explained by a decrease in microglial number since the total number of microglia in the brains of PS1-APP and PS1-APP-CX3CR1+/− were similar (not shown). These findings indicate that microglial CX3CR1 regulates expression of neuronal Aβ degrading enzymes. Because the only known ligand for microglial CX3CR1 is neuronal fractalkine, these findings suggest that interactions of microglial CX3CR1 with neuronal fractalkine regulate gene expression in neurons.

Heterozygous CX3CR1+/− mice have been used in lieu of WT mice when studying the effects of complete deletion of CX3CR1 or when using CX3CR1-CRE mice. The third important finding is that our data show that, at least in the case of models of Aβ deposition, CX3CR1+/− are clearly different that CX3CR1+/+ mice and that partial CX3CR1 deficiency significantly alters microglial functions.

It is important to note when interpreting our findings is that due to limited availability of mice of different genotypes, these experiments were performed in male mice. It is to be determined if female mice will exhibit similar differences between the genotypes.

Collectively, our data indicate that partial CX3CR1 deficiency slows progression of AD-like pathology in a transgenic mouse model of the disease and reverses cognitive deficit, by restoring neuronal Aβ-degrading pathways possibly by disrupting CX3CR1-fractalkine interactions. Partial down-regulation of microglial CX3CR1 expression, and/or inhibition CX3CR1-fractalkine interactions should be explored as a potential therapeutic target to delay disease progression and improve cognition in AD.
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Cerebral amyloid angiopathy-related inflammation (CAA-ri) is an immune-mediated disorder of the central nervous system characterized by an inflammatory response to amyloid-beta (Aβ) deposition within cerebral blood vessel walls. Immunosuppressive therapy is the mainstay of treatment. We present a case of CAA-ri in a subject already on immunosuppressive therapy after orthotopic heart transplantation (OHT). A 57-year-old man 8 months post-OHT for sarcoid cardiomyopathy developed headaches and staring spells while hospitalized for disseminated mycobacterial infection. His brain MRI revealed bi-hemispheric T2-weighted fluid-attenuated inversion recovery white matter hyperintensities and widespread microhemorrhages. Two weeks later, he developed gait ataxia and alterations in mental status, and repeat brain MRI showed more extensive confluent white matter hyperintensities. Leptomeningeal and cortex biopsy revealed changes consistent with amyloid angiitis, with perivascular and intramural histiocyte and lymphocyte collections. Mass spectroscopy confirmed Aβ deposition. Notably, the patient was on immunosuppression with daily 5 mg oral prednisone and tacrolimus before biopsy. After high-dose intravenous followed by oral corticosteroids, he demonstrated significant clinical and radiographic improvement. No relapse was noted despite the relatively rapid tapering of the prednisone therapy over 3 months, as mandated by his systemic infection. Despite the lack of a standard treatment protocol for CAA-ri, case series have reinforced the benefit of prolonged courses of glucocorticoids as single agent or in combination with other immunomodulatory agents. Hence, management of CAA-ri in patients with disseminated mycobacterial infections or OHT is challenging. Our case is unique, as review of existing literature has not revealed any similar cases of patients on chronic immunosuppression at the time of CAA-ri diagnosis, which one would expect to protect against this disorder. In addition, CAA-ri in association with cardiopulmonary sarcoidosis was not previously reported; however, a common immunopathogenic mechanism may exist.
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BACKGROUND

Cerebral amyloid angiopathy-related inflammation (CAA-ri) is a rare disorder of the central nervous system (CNS) that arises from development of autoantibodies to amyloid-beta protein (Aβ) within the walls of the leptomeningeal and cortical blood vessels (1–5). It affects immunocompetent individuals who present with non-specific symptoms or focal neurological deficits, which typically elicits a broad etiological investigation until the condition is recognized (6–8). The presumptive diagnosis is based on clinical and neuroimaging data, whereas the definitive diagnosis is histological (9). The mainstay of CAA-ri management is with prolonged courses of immunosuppression, although no standard treatment protocol has been established to date. We present the case of a patient who developed CAA-ri despite chronic immunosuppression for sarcoidosis and orthotopic heart transplantation (OHT).



CASE PRESENTATION

A 57-year-old male geologist with history of cardiopulmonary sarcoidosis complicated by dilated cardiomyopathy presented approximately 8 months after OHT, with a 6-weeks history of diffuse painful, raised skin lesions and open sores of the hands. His immunosuppressive regimen consisted of a combination of methotrexate, leflunomide, tacrolimus, and 5 mg prednisone daily. Blood and skin cultures isolated Mycobacterium hemophilum. The patient was treated with intravenous antibiotics for 11 days when he developed complex partial seizures, headaches, blurry vision, and mood changes. Brain MRI with contrast demonstrated abnormal T2-weighted fluid-attenuated inversion recovery signal hyperintensity in the cortical and subcortical right temporal, parietal, and occipital lobes without contrast enhancement (Figure 1). Susceptibility-weighted imaging sequences revealed innumerable chronic microhemorrhages in the bilateral infra- and supratentorial cerebral hemispheres. Early considerations included neurosarcoidosis, CNS infection, and lymphoma. However, cerebrospinal fluid studies were non-specific with two white blood cells, two red blood cells, glucose of 70, and mildly elevated protein of 47. Angiotensin-converting enzyme, meningoencephalitis PCR panel (including Escherichia coli K1, Haemophilus influenza, Listeria monocytogenes, Neisseria meningitidis, Enterovirus, Herpes simplex virus 1 and 2, human herpesvirus 6, varicella zoster virus, parechovirus, and Cryptococcus neoformans/Cryptococcus gatii), Coccidioides and Cryptococcus antibodies, mycobacteria, viral and fungal cultures, flow cytometry, and cytology testing of the cerebrospinal fluid were unrevealing. Owing to disseminated mycobacterial infection, his immunosuppressive regimen was narrowed to tacrolimus (at goal level, 4–8 ng/ml) and prednisone 5 mg daily. Two weeks after discharge, the patient returned with progressively worsening gait ataxia. Repeat neuroimaging was significant for more extensive, confluent, non-enhancing right hemispheric white matter hyperintensities; and stable diffuse microhemorrhages (Figure 2). Spinal MR imaging was unremarkable. Right parietal leptomeningeal and cortex biopsy revealed changes consistent with CAA-ri. The vasculature showed presence of congophilic polarizable birefringent deposits, which stained strongly with anti-Aβ 6F/3D monoclonal antibody, and intramural and perivascular collections of histiocytes and lymphocytes (Figure 3). Tissue acid-fast and Gram stains were negative. Liquid chromatography–mass spectroscopy confirmed the presence of Aβ/A4 peptide deposition. Despite systemic mycobacterial infection, the pathological diagnosis of CAA-ri prompted immediate treatment with intravenous methylprednisolone 1 g daily for 5 days followed by 60 mg oral prednisone. Steady clinical improvement followed shortly, and significant radiographic improvement was noted on repeat neuroimaging a month later (Figure 4). Subsequently, the decision was made to taper oral prednisone over 3 months, as mandated by the underlying systemic infection. No neurological recurrence was noted to date, at 6-months follow-up.


[image: Figure 1]
FIGURE 1. Initial MRI brain without and with gadolinium. Axial fluid-attenuated inversion recovery (FLAIR) sequences (A,B) illustrate scattered T2 FLAIR hyperintensities in the right temporal and parietal lobes involving the cortex and subcortical white matter. The lesions did not demonstrate contrast enhancement, and no leptomeningeal enhancement was noted either (C). Susceptibility-weighted imaging (SWI) sequence shows numerous bihemispheric microhemorrhages, in the cortical and subcortical white matter (D).
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FIGURE 2. MRI brain without and with contrast approximately 3 weeks after the initial scan. Axial FLAIR sequence demonstrates significant progression of the hyperintense lesions in the right temporal, occipital, and fronto-parietal areas, with mild mass effect on the right lateral ventricle and midline shift (A,B). No contrast enhancement is appreciated (C). SWI sequence shows stable, diffuse, bihemispheric microhemorrhages (D).



[image: Figure 3]
FIGURE 3. Brain biopsy stained with hematoxylin and eosin discloses thickened microvasculature with amorphous hyaline-like material replacing the media and associated with mononuclear as well as granulomatous infiltrates (arrows on A). Congo Red stain without (B) and with polarization (C) highlights congophilic (B) bi-refringent (C) amyloid deposits, immunoreactive with antibody to Aβ (D). Immunophenotyping of the inflammatory cells shows staining for macrophage marker CD163 (E–G), T lymphocyte marker CD8 (H), and cytotoxic granule marker T-cell intracellular antigen (TIA) (I). Bars: 100 μ.
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FIGURE 4. MRI brain without and with contrast 1 month after the brain biopsy and treatment with high-dose corticosteroids. The right cerebral T2-weighted fluid-attenuated inversion recovery (T2/FLAIR) hyperintensities have decreased in size, and the midline shift has resolved (A,B). No contrast enhancement is noted (C).




DISCUSSION

Our case is unique in presenting the development of pathologically proven CAA-ri in a patient with sarcoidosis and on chronic immunosuppression in a post-cardiac transplantation setting.

Cerebral amyloid angiopathy (CAA) is localized amyloidosis affecting cerebral blood vessels through Aβ deposition. A small subset of CAA patients develops a secondary vasculitis due to autoantibody formation to Aβ, leading to a syndrome known as CAA-ri (1, 3, 4). Although histology provides a definitive diagnosis, large case series have posited that clinical features and typical MRI findings may obviate the need for invasive testing and can stratify patients into probable or possible CAA-ri (7, 9). Our patient's clinicoradiographical presentation was non-specific, with potential for complications due to his chronic immunosuppression (such as CNS infection, malignancy, posterior reversible encephalopathy syndrome), or post-OHT status (cerebral microhemorrhages). Hence, given rapid progression of the white matter lesions and clinical deterioration, a histological diagnosis was obtained. The complex presentation not only delayed the diagnosis but also posed a therapeutic challenge. No standard treatment regimens have been established to date for CAA-ri, but prolonged courses of glucocorticoids as single-agent therapy or in conjunction with other immunosuppressants have been proposed (2, 6, 7, 10). There is clinical equipoise about the selection of an appropriate agent, dose, and duration of treatment. However, CAA-ri tends to require longer courses of immunosuppression—usually 6 months—with rare recurrence. Given our patient's systemic mycobacterial infection, the decision was made for a relatively shortened, 3-months course of oral prednisone taper. The robust and sustained clinicoradiographic response observed despite relatively fast corticosteroid tapering may suggest that this approach could be considered in other similar, complex patients.

To our knowledge, there are no other similar reports of patients on chronic immunosuppression at the time of diagnosis of CAA-ri, which one would expect to protect against this disorder. There is no evidence that our patient was on suboptimal immunosuppression considering his opportunistic disseminated mycobacterial infection and absence of cardiac allograft rejection.

In addition, review of existing literature did not reveal any prior cases of patients with both sarcoidosis and CAA-ri. However, there is evidence of comorbid autoimmune disease with sarcoidosis and possible potentiation of inflammatory responses seen with CAA-ri. Specifically, prior series have associated sarcoidosis with autoimmune thyroid disease, Sjogren disease, ankylosing spondylitis, systemic sclerosis, giant cell arteritis, and inflammatory myopathy, among other disorders (11–14). A large case series reported CAA-ri patients with comorbid Grave disease, pernicious anemia, rheumatoid arthritis, and autoimmune hepatitis (7). It is unclear whether there is a direct or indirect interaction between these conditions, but it is likely that a genetic predisposition for a robust and disproportionate inflammatory response may precipitate this autoimmune damage. Such a genetic predisposition has been proposed between APOE ε4/ε4 genotype and increased Aβ fibril deposition, particularly perivascularly, that may potentiate the inflammatory response seen in CAA-ri (2, 13, 15, 16). Moreover, there appears to be a contribution of amyloid, specifically serum amyloid A, to granuloma formation in sarcoidosis (17). Serum amyloid A may act to trap the etiologic antigen, leading to chronic sarcoidosis, and highlights a possible pathogenic similarity in both sarcoidosis and CAA-ri development (17, 18).



CONCLUSION

Our report illustrates that CAA-ri may occur despite seemingly adequate immunosuppression in patients with an underlying predisposition for autoimmune disease. Faster corticosteroid tapering may be considered in complex CAA-ri patients with systemic infections, with close clinical and radiological surveillance.
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The immune system contributes to neurodegenerative pathologies. However, the roles of γδ T cells in Alzheimer's disease (AD) are poorly understood. Here, we evaluated somatic variability of T-cell receptor γ genes (TRGs) in patients with AD. We performed deep sequencing of the CDR3 region of TRGs in patients with AD and control patients without dementia. TRG clones were clearly detectable in peripheral blood (PB) and non-neuronal cell populations in human brains. TRG repertoire diversity was reduced during aging. Compared with the PB, the brain showed reduced TRGV9 clonotypes but was enriched in TRGV2/4/8 clonotypes. AD-associated TRG profiles were found in both the PB and brain. Moreover, some groups of clonotypes were more specific for the brain or blood in patients with AD compared to those in controls. Our pilot deep analysis of T-cell receptor diversities in AD revealed putative brain and AD-associated immunogenic markers.
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INTRODUCTION

Low levels of chronic inflammation in aging, often termed “inflammaging,” are associated with immune dysregulation and represent a risk factor for decreased brain function and a hallmark of Alzheimer's disease (AD). Neuroinflammation occurs through activation of brain innate immune cells, such as microglia and macrophages, and further exacerbates the pathogenesis of AD (1). However, the roles of adaptive immunity and T cells in AD remain poorly understood. T cells can be induced by peripheral or brain antigen-presenting cells, such as microglia and macrophages, which take up and present antigens associated with AD. Animal modeling experiments have suggested that disease outcomes may depend on the type of brain-infiltrating T cells present in patients. Although regulatory T cells can be beneficial (2–4), human AD vaccine trials have been prematurely terminated due to induction of meningoencephalitis, presumably by infiltration of Aβ-specific Th1-skewed CD4 T cells (5, 6). In a rat model β-synuclein-specific T cells were found to invade gray matter, thereby inducing inflammation and neurodegeneration. β-Synuclein-specific T cells are also enriched in the blood of patients with multiple sclerosis (7).

The induction of antigen-specific T-cell responses is mediated by cell-surface T-cell receptors (TCRs). Upon somatic V(D)J recombination starting at γ- and δ- chains and then progressing to α- and β-chains, T cells are generated to express unique γδ- or αβ-TCR pairs on the cell membrane, respectively termed γδ and αβ T cells. Unlike αβ T cells, γδ T lymphocytes represent a less abundant population of peripheral blood (PB) cells (8) and have, on the one hand, diverse TCR repertoire (9), but, on the other hand, it is considered to be oligoclonal. For example, the top 20 clonotypes account for ~60% of all γδ T cells in the PB of adults (10). γδ T cells are also found in peripheral and barrier tissues, where they mediate antiviral and antimicrobial defense, support wound healing, and promote immune tolerance (11). γδ T cells can also be involved in pathological processes, such as oncogenesis (12), autoimmunity (13), and even stroke (14). These cells, particularly their interleukin (IL)-17 expressing subsets, have been shown to infiltrate lesions in the leptomeningeal envelopes after ischemic stroke. These cells are thought to have migrated from the intestine (14). Aging also differentially affects γδ T-cell subpopulations and their responses to infection. While young mice infected with West Nile Virus accumulate protective Vγ1 cells, which produce interferon (IFN)-γ to reduce viral infection and mortality from encephalitis, aged mice mostly increase tumor necrosis factor-α-expressing Vγ4 cells, which cause blood-brain barrier (BBB) permeability and thus brain infection and mortality (15). Neuroinflammation and consequent brain pathology appear to depend on a type of infiltrated γδ T cells. In mice with experimental autoimmune encephalitis (a model for human multiple sclerosis), Vγ4 cells produce various pro-inflammatory cytokines, including IL-17, whereas Vγ1 cells express CCR5 ligands and promote the differentiation of protective regulatory T cells (16). Human Vδ1 clonal expansion of γδ T cells in brain tissues is observed in Rasmussen's encephalitis (17). Despite the known roles of γδ T cells in neuroinflammation, their roles in AD are poorly understood.

The TCR γ gene (TRG) locus is rearranged in all T cells, and the CDR3 region of TRGs is a sensitive marker for T cells in cases where it is not possible to divide tissues into separate cell populations before DNA/RNA extraction. Furthermore, the small number of TRGV segments allows the use of a simple primer set that promotes all combinations of rearrangements with minimal amplification bias. Few T cells can penetrate brain tissues or may be found in the near-wall space of the vessels, perivascular space, meninges, and residual PB in the capillaries of the cerebral cortex.

In this study, by assuming that γδ T cells, as potentially regulatory or pathogenic cells, can infiltrate the brain, we sought to determine whether these cells were present in the brains of patients with AD. We compared the TCR repertoires of T cells from the PB and brains of patients with AD and patients without dementia using next-generation sequencing (NGS).



MATERIALS AND METHODS


Blood and Brain Tissue Samples

The TRG repertoire was obtained for 163 PB and brain specimens, as described in the Supplementary Materials and Methods and Supplementary Table 1. DNA from PB and brain specimens was isolated using a Qiagen DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, USA). RNA from temporal and frontal cortex specimens was extracted using a Qiagen RNeasy Kit (Qiagen).



cDNA Preparation

For reverse transcription and cDNA preparation, 1 μg RNA was used, and the reaction was carried out with a SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA, USA). Random oligonucleotides were used as primers. The entire volume of the reaction mixture after completion of the protocol for reverse transcription was used to perform multiplex polymerase chain reaction (PCR).



PCR and Methods for Obtaining the Repertoire of the CDR3 Region of Human TRGs

We developed a massive parallel sequencing TRG repertoire assay based on a set of oligonucleotides adopted from the BIOMED2 consortium, with modifications (18). Briefly, 200 ng genomic DNA (gDNA) or cDNA template was used for each PCR. The first reaction included primers for TCGV1/2/3/4/5/6/7/8 (TCGVf), TCGV10, and all TRGJ segments, whereas the second reaction included primers for TCGV9, TCGV11, and all TRGJ segments. Each reaction was repeated in duplicate. The oligonucleotides for TCR and the internal control are described in the Supplementary Materials and Methods. When gDNA was used as a template, oligonucleotides for amplification of a fragment of the internal control ALB gene were also added to the TCGVf/TCGV10 primer mix. For cDNA, oligonucleotides were used to amplify a part of the control UBC gene in separate tubes. We used PicoMaxx polymerase (Agilent, Santa Clara, CA, USA) for all amplification procedures. The TRG PCR conditions included 95°C for 2 min; 35 cycles of 95°C for 40 s, 60°C for 30 s, and 72°C for 40 s; and a final incubation at 72°C for 10 min. Preparation of libraries for massive parallel sequencing was carried out using a TruSeq DNA PCR-Free Library Prep Kit (Illumina, San Diego, CA, USA), followed by sequencing on the Illumina MiSeq platform. The average number of reads obtained per sample was 937,751 ± 379,308.



Bioinformatics and Statistical Analyses

MiXCR program (19), version v2.1.5, was applied for TRG CDR3 repertoire extraction. These repertoires were filtered from non-functional CDR3 clonotypes (out of frame and stop codon-containing sequences), thereby significantly increasing the proportion of TRG rearrangements related to γδ T cells because ~70% of the rearranged TRGs in αβ T cells are not functional (20). According to rough estimates, ~30% of functional TRGs arise from γδ T cells in blood, and this percentage increases when analyzing the most abundant rearrangements, since the TRG repertoire in γδ T cells is more clonal (20).

CDR3 annotation, diversity analysis, and repertoire overlap analysis were performed using the VDJtools program (21), version v1.1.9. We used the VDJtools preprocessing correction module to eliminate clonotype pairs that differed by a specified number of mismatches (we used a threshold value of 2, which was rounded to the 0.9 percentile of the number of mismatches per 100 nt for each control gene sequence). When comparing TRG repertoires, we considered clonotypes as matching when they share the same amino acid sequences (CDR3aa only) in all analysis. We used VDJtools to determine the physicochemical parameters of the CDR3 regions (length, volume, hydropathy according to Kyte-Doolittle scale, strength), and we additionally calculated KF4 index for the AD-associated clonotypes analysis (Figure S6). In comparative brain vs. blood analyses of Vγ-segment usage, we used only the most frequent 20 clonotypes for each sample to adjust for unequal repertoire size. Statistical methods are described in Supplementary Materials and Methods.




RESULTS


Method Validation

Because cell sorting cannot be applied to frozen PB and brain samples, we designed an approach based on a modified BIOMED2 consortium multiplex PCR system followed by library preparation and deep sequencing to characterize the TRG repertoires. Using this approach, we generated 165 libraries of the TRG CDR3 region from gDNA or RNA (cDNA) from the PB and brain frontal and temporal cortexes of 154 patients with neurodegenerative diseases and individuals without dementia (Supplementary Table 1). After filtering out reads with non-productive CDR3 (with stop codons or frameshift mutations), the average number of reads with productive rearrangements was 105–106 per sample. The average numbers of different clonotypes per sample found in the PB and brain cortex were 5 × 103 (±2 × 103) and 82 (±53), respectively.

We generated 439,049 clonotypes from PB and 6,872 clonotypes from brain samples. The total numbers for all samples of recurrent clonotypes were 220,986 in the blood and 2,340 in the brain (all clonotypes that were found in more than one individual were reported as recurrent). Moreover, 42.5% of all clones found in brain samples were also found in at least one blood sample.

First, we validated our methodology by analyzing independently processed sample duplicates (samples NL3 and A846). The results showed a high degree of similarity and the absence of significant PCR bias for the duplicated samples (Figures S1D,E). We also compared samples from different brain regions available from the same human subjects. Higher Jaccard coefficients (JCs) within repertoires of the frontal and temporal lobes from the same donor (average JC = 0.21 ± 0.099) were observed compared with other donors (average JC = 0.003 ± 0.0089). The results indicated a relative homogeneity and donor-specificity of the TRG repertoire in various areas of the cerebral cortex (Figure S1C).

Next, to directly confirm the presence of γδ T cells in human post-mortem brains, we utilized confocal microscopy analyses. Immunofluorescence staining clearly revealed the presence of T cells in cortical tissue sections from patients with AD and elderly individuals without dementia, where some cells were double positive for CD3 and γδ TCR (Figure S1F).



TRG Repertoires Differed in the Brain and PB

For comparative analysis of TRG repertoires in the brain and PB, we analyzed samples from age-matched individuals. We compared frequencies of all V-segments found in top-20 clones repertoires: TRGV2, TRGV3, TRGV4, TRGV5, TRGV5P, TRGV7, TRGV8, TRGV9, TRGV10, TRGV11 (Supplementary Table 2) and TRGV2, TRGV4, and TRGV8 were combined because of their high similarity in nucleotide sequences. We found that cerebral cortex TRGV usage differed significantly from that in the PB (Figure 1E). For example, the frequency of the TRGV9 segment was the highest in the blood but significantly reduced in the brain (in terms of both DNA and RNA, p = 0.045 and p = 9.65e−08, respectively; Figure 1A). Moreover, combined usage of TRGV2/4/8 segments was lower in the PB (p = 0.028 and p = 0.0001 as compared with brain DNA and RNA, respectively; Figure 1B). We also noted similar differences when considered all available data instead of 20 most abundant clones (p = 0.0002 as compared TRGV9 frequency in PB vs. brain RNA; p = 0.008 and p = 0.009 as compared TRGV2/4/8 frequency in PB vs. brain DNA and RNA, respectively). Moreover, the different and common features of brain and blood samples were illustrated by specific clonotype groups. For example, we compared the frequency of the most known TRGV9-TRGJP public clonotypes group designated by us as CALW…LGKKIKVF (where dots indicate any number of any amino acids) which mostly included well-known germ-line CALWE(V)QELGKKIKVF public clonotype (20, 22), and also CALW…YYKKLF clones from the second most frequent TRGV9-J1/J2 group and also observed previously in the literature (23). Clonotypes of the CALW…LGKKIKVF group were more prevalent in the PB (p = 0.0096 and p = 0.0004 as compared with brain DNA and RNA, respectively; Figure 1C). But frequencies of clonotypes, identified by the sequence CALW…YYKKLF were similar in blood and brain samples (Kruskal test p = 0.16; Figure 1D). To further explore the differences between brain and blood TRG repertoires, we considered their chemical properties. We compared average CDR3 lengths (number of amino acids) and hydropathy indexes (according to the Kyte-Doolittle scale), volumes in Å3 (24), and strengths (interaction potential) (25), all of which were weighted according to the clonotype frequency and normalized to the CDR3 length, for brain and blood TRG profiles and found that repertoires in the brain were more hydrophilic (p = 0.016 for DNA and p = 7.757e−07 for RNA; Figure 1F). Importantly, the TRG repertoires from different brain regions (temporal and frontal cortex) of the same subjects showed similar patterns and individual specificity (Figure S1C). Together, these results indicated that the TRG profiles differed between the cerebral cortex and PB.
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FIGURE 1. Comparative analysis of the TRG repertoire in the cerebral cortex and peripheral blood. The top 20 TRG repertoire the cerebral cortex differed in V-segment composition from that of the peripheral blood: the TRGV9 segment was predominant in the blood (A), whereas the proportions of the TRGV2/4/8 segments significantly increased in the brain (B). The TRGV9-TRGJP clone type “CALW…LGKKIKVF” (where dots indicate any set of amino acids) was significantly more frequent in the blood (C), whereas other TRGV9 clones did not differ (D). A schematic of the V-segment distributions of clones in different data groups is presented in (E). The weighted average repertoire was more hydrophilic in the brain (F). The colors denote various data groups: red, AD samples; blue, control samples; gray, patients with Parkinson's disease. Data were analyzed by Kruskal-Wallis ANOVA with Dunn's post-test comparisons, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.




Age-Related Changes in TRG Repertoire

To evaluate whether aging affected TRG profiles, we examine the PB (from individuals 25 to 106 years old) and brains (from individuals 21 years old to over 90 years old). The exact ages of individuals over 90 years of age for brain samples could not be obtained because of privacy reasons. We analyzed the effects of age by comparing samples from individuals above and below 80 years of age for brain samples and above and below 66 years of age for blood samples (these age thresholds were the median ages for brain and blood samples, respectively). Consistent with previous reports from other researchers (26, 27), we found that the repertoire diversity was decreased in the PB of aged individuals. After downsampling the data to 50,000 reads to account for unequal sequencing depth, we found, on average, 1.46 times fewer clonotypes in donors aged 66 years and older (n = 40, mean age = 76.65 years) compared with that in individuals younger than 66 years old (n = 39, mean age = 52.08; p = 4.424e−05; Figure 2A). This pattern remained statistically significant if we used only control individuals without dementia in the same analysis (p = 0.0007; Figure S2A). Regression analysis confirmed age-related reductions in the numbers of clonotypes in the PB (p = 7.004e−06). This age-related reduction in diversity was observed in group comparisons of brain samples but was not very pronounced (p = 0.026, Figures 2B,D; Figure S2B). Moreover, we estimated diversity using Shannon entropy and normalized Shannon-Wiener index as different metrics and obtained statistically significant age-related reduction of TCR diversity for TCR-rich PB samples [p = 0.0003 (Shannon entropy); Figure 2C, Figure S2C and p = 0.04 (normalized Shannon-Wiener); Figure S2D].


[image: Figure 2]
FIGURE 2. Age-related changes in the composition of the TRG repertoire in the blood and brain. Average numbers of unique clones after downsampling the data to 50,000 reads (A,B). Changes in Shannon entropy with age in the peripheral blood (C) and brain (D) (red, AD samples; blue, control samples; gray, patients with Parkinson's disease). Regression analysis of V-segment frequencies in the top 20 clones for the TRGV9 segment (E) and TRGV2/4/8 segments (F) in the cerebral cortex and peripheral blood (G,H). *P < 0.05, *** = < 0.001 and ****P < 0.0001.


In addition to the age-dependent decreases in diversity, gDNA analysis of TRGV-segment usage revealed that blood-prevalent TRGV9 clonotypes were gradually decreased in the brain during aging (p = 0.001; Figure 2E), whereas brain-prevalent TRGV2/4/8 segments became more widely represented in brain of older individuals (p = 0.005; Figure 2F) but not in PB (Figure 2G–H).



AD Was Accompanied by Accumulation of Clonotypes With Specific Amino Acid Properties

Finally, we investigated whether AD was associated with a unique TRG repertoire. Initial analysis of the chemical properties of total TRG repertoires did not reveal robust differences between AD and control samples (Figures S4A–H). We sought to identify a subset of clonotypes (subrepertoires) that differed between AD and control samples. Analyses of most represented TRGV9-TRGJP clonotypes did not reveal any significant differences (Figures S4I–P). Therefore, we mostly evaluated further non-TRGV9-TRGJP clonotypes. In this analysis, we excluded nine samples with a TRGV9-TRGJP clonotype frequency exceeding 40% as potential outliers (likely due to recent inflammation) (28), leaving 21 control and 20 AD samples for analysis of the PB and 29 control and 26 AD samples for analysis of the brain (all groups were age and sex matched; Supplementary Materials and Methods). We considered clonotypes shared (CDR3aa only) by at least two patients with AD, but not in any control samples, as “shared AD” and clonotypes shared by controls only as “shared norm”.

Using this approach, we found 40 shared AD clonotypes in brain samples and 1,255 shared AD clonotypes in PB samples (Figures 3A,B). Furthermore, we compared weighted average values of chemical properties (CDR3 length; hydrophilicity, volume, and strength normalized to CDR3 length) for shared AD vs. shared norm subrepertoires, full AD and full norm repertoires (excluding TRGV9-TRGJP clonotypes) for the brain and blood (Figures 3C–J). Average number of clones used for physical properties calculation for brain samples (Figure 3K) is 4.8 for shared and 76.4 for full repertoires; for blood samples (Figure 3L) it is 159.1 for shared and 4,487.5 for full repertoires. These group comparisons revealed that shared AD subrepertoires in the brain contained more hydrophilic and larger CDR3 regions than the other three subrepertoires (Figures 3D,E). Shared AD subrepertoires in the PB had shorter and weaker-interacting CDR3 regions (Figures 3G,J). In addition, cluster analysis of chemical properties (hydropathy indexes and volumes for the brain, CDR3 lengths and strengths for the PB) also demonstrated the significant segregation of shared AD subrepertoires from all other subrepertoires (Figures 3K,L, Figures S3A–D). We also made an analysis of the 5 central amino acids of the CDR3 regions only, which exhibits similar, but not so pronounced, trends (Figures S3G–L).


[image: Figure 3]
FIGURE 3. TRG repertoires in Alzheimer's patients included clones with specific properties in the blood or brain. We analyzed clones found in at least two patients, but not in healthy individuals (A,B). Values in the matrices indicate numbers of clones found in the samples indicated along the axes. We compared the weighted CDR3 lengths (C,G), hydropathy indexes (D,H), volumes (E,I), and strengths (F,J) between shared AD repertoires, full AD repertoires, total norm repertoires, and shared norm repertoires. For brain samples, values of volume and hydropathy were chosen (K), and for blood, the CDR3 length and strength were chosen (L), as characteristics defining AD-specific clone features. Clones with these characteristics were significantly more represented in patients with Alzheimer's disease (M,O). Logoplots of CDR3 amino acid sequences for brain (N) and blood (P) were compiled (orange, small and weakly interacting amino acids; red, small; violet, small, weakly interacting, and hydrophilic; green, hydrophilic and weakly interacting; blue, hydrophilic). *P < 0.05, **P < 0.01, ***P < 0.001. Red dashed lines (K,L) denote median values for controls.


These initial observations suggested that the chemical properties of CDR3 regions may be altered in AD. To determine whether these results were applicable to the initial repertoires, we selected clonotypes with similar chemical properties using thresholds set to the median value of each property in the full normal repertoires (normalized hydropathy index <-0.066 and normalized volume >111.59 Å3 for brain samples; CDR3 length <13 amino acids and strength <0.497 for blood samples; Figures 3K,L). When comparing the frequencies of these clonotypes in the initial repertoires (which included TRGV9-TRGJP clonotypes as well) between patients with AD and age-matched controls, we found that the frequencies were significantly higher in patients with AD in both the brain (p = 0.003; Figure 3M) and the blood (p = 0.003; Figure 3O). Therefore, for both brain and blood tissues, we observed AD-associated clonotypes, as demonstrated in Supplementary Table 3 and Figures 3N,P.

Lastly, we used blood DNA from patients with Parkinson's disease (PK) as additional control to examine whether this AD-associated clonotype distribution was AD-specific or is observed also in other neurodegenerative diseases. After age-matching, we analyzed 18 patients with AD, 21 controls, and nine patients with PK. The described above clonotype signatures were detected in AD group only, but not in the PK group (Figure S5). Overall, these data imply that AD is characterized by accumulation of specific T-cell clonotypes.




DISCUSSION

To the best of our knowledge, in this study we present for the first time results of TCR repertoire profiling in patients with AD. We found that the TCR repertoire could be profiled using brain tissue samples. By focusing on the γ chain of the TCR, which occurs in γδ and αβ T cells (20), we found evidence of AD-associated enrichment of a unique TCR repertoire, presumably as a putative immunogenic signature. To this end, we combined next-generation sequencing with an in-house designed strategy that elucidated the diversity of TRG clonotypes in pools of genomic or transcriptome templates from whole peripheral blood and other human tissue compartments. Our bioinformatics approach for isolation AD-associated clonotypes was based on an analysis of TCRG rearrangements in patients with AD disease vs. individuals without dementia.

Notably, our method for TRG repertoire detection was robust in the human brain, however, the exact origins of these T cells have not been clarified. T cells could be derived from the intracerebral microvascular system or meninges of the brain (29) or from T cells infiltrating the brain parenchyma. Importantly, TRG repertoires from the human cerebral cortex were clearly distinct from those in the PB. Comparisons of top 20 most frequent clonotypes revealed robust differences in the frequencies of the TRGV9 segment and combined TRGV2, TRGV4, and TRGV8 segments in cortex vs. PB samples. Unlike TRGV9, the TRGV2/TRGV4/TRGV8 clones are more specific in the context of response to infection and are prevalent in non-blood peripheral body tissue compartments (30). Therefore, the brain repertoire is not merely a presentation of the vascular population of circulating blood cells. Antigen-specific T cells can cross the BBB and infiltrate the brain parenchyma when assisted by the MHCII molecule-expressing endothelium of cerebral vessels (31). Further studies, such as exploring the TCR repertoire in perfused mouse brains, may confirm our findings.

One important finding in this study was that the TRG repertoire in the cerebral cortex was influenced by age. We found age-related changes in the DNA repertoire in the brain, with brain-specific increases in the TRGV2/4/8 group. Moreover, the diversity of the TRG repertoire in the PB and brain was reduced in aged individuals, irrespective of their disease state, presumably reflecting the overall influence of inflammaging.

One obvious method for identifying disease-specific clones is to look for common clones in patient groups. However, the possibility of the formation of different CDR3 sequences to the same antigen and the incompletely elucidated mechanism of recognition of the antigen by γδ T cells, makes this approach insufficient. We analyzed clonotypes similar by several physicochemical properties, which may determine their specificity for similar antigens. AD is accompanied by accumulation of more hydrophilic residues and clones with larger volumes in the brain, and these features may indicate, for example, an immune response to lipids, which are known to present their hydrophilic portions to the CD1 molecule. The crystal structures of the complexes TCR with CD1 sulfatide (32) and CD1d α-galactosylceramide (α-GalCer) (33) were recently determined. Sulfatide belongs to sulfoglycolipids and is included in the composition of the myelin sheaths of neurons. Additionally, its content in the brain is disrupted at an early stage in patients with AD (34). α-GalCer is a synthetic glycolipid with a structure similar to sulfatide. Notably, all sequences of CDR3 clones specific to these antigens [α-GalCer, CATWDRGNPKTHYYKKLF (33); sulfatide, CATWDEKYYKKLF and CATWDRNNKKLF (32)] have AD-specific features in the brain, i.e., hydrophilicity and a larger CDR3 volume.

It must be elucidated further whether the AD-associated clonotype profiles are observed in various neurodegenerative and neuroinflammatory diseases. Self-antigens stimulating the γδ T cells immune response in AD might potentially share some signatures with a classic inflammatory disease of nervous system, such as multiple sclerosis. In this case, it may help to clarify the nature of the inflammation process in a course of AD. On other hand, our preliminary data indicate the uniqueness of the AD-repertoires, and, therefore, its potential use as biomarkers.

Overall, our data demonstrated the specific AD-associated clonotype features of TRGs derived from blood and brain cell populations. Further studies are needed to determine the relevance of cell subpopulations with such clonotypes to specific antigens. Our current findings highlighted potential new biomarkers for prediction and diagnosis of AD.
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Impaired synaptic integrity and function due to accumulation of amyloid β-protein (Aβ42) oligomers is thought to be a major contributor to cognitive decline in Alzheimer's disease (AD). However, the exact role of Aβ42 oligomers in synaptotoxicity and the ability of peripheral innate immune cells to rescue synapses remain poorly understood due to the metastable nature of oligomers. Here, we utilized photo-induced cross-linking to stabilize pure oligomers and study their effects vs. fibrils on synapses and protection by Aβ-phagocytic macrophages. We found that cortical neurons were more susceptible to Aβ42 oligomers than fibrils, triggering additional neuritic arborization retraction, functional alterations (hyperactivity and spike waveform), and loss of VGluT1- and PSD95-excitatory synapses. Co-culturing neurons with bone marrow-derived macrophages protected synapses against Aβ42 fibrils; moreover, immune activation with glatiramer acetate (GA) conferred further protection against oligomers. Mechanisms involved increased Aβ42 removal by macrophages, amplified by GA stimulation: fibrils were largely cleared through intracellular CD36/EEA1+-early endosomal proteolysis, while oligomers were primarily removed via extracellular/MMP-9 enzymatic degradation. In vivo studies in GA-immunized or CD115+-monocyte-grafted APPSWE/PS1ΔE9-transgenic mice followed by pre- and postsynaptic analyses of entorhinal cortex and hippocampal substructures corroborated our in vitro findings of macrophage-mediated synaptic preservation. Together, our data demonstrate that activated macrophages effectively clear Aβ42 oligomers and rescue VGluT1/PSD95 synapses, providing rationale for harnessing macrophages to treat AD.

Keywords: Alzheimer's disease, neurodegeneration, immunomodulation therapy, amyloid-beta, regeneration, synaptogenesis


INTRODUCTION

Alzheimer's disease (AD) is a progressive, incurable and fatal neurodegenerative disorder and the most frequent cause of senile dementia (1, 2). AD is characterized by severe synaptic and neuronal loss resulting in gradual behavioral and cognitive decline (3, 4). Early pathological changes in AD involve accumulation of amyloid β-protein (Aβ) in the brain and retina (5–11), with the amyloidogenic 42-residue long alloform (Aβ42) viewed as the most pathognomonic (5, 12). These Aβ42 peptides have been shown to rapidly aggregate into insoluble fibrils that form the plaques in AD brains, but also to assemble into non-fibrillar soluble oligomers, believed to be highly neurotoxic (8, 13–20). While there is a weak correlation between cerebral plaque density and severity of AD, Aβ42 oligomers appear to closely associate with synaptopathy and cognitive impairment (21, 22). Specifically, growing evidence demonstrates the detrimental effects of Aβ42 oligomers on synaptic plasticity, spine morphology and density (13, 23), axonal transport (24–26), and cognition (8, 15, 17, 22, 27–29). These findings incentivize strategies that eradicate Aβ42 oligomers in order to preserve synapses and cognitive function (30–34).

Multiple mechanisms mediate cerebral Aβ clearance, including phagocytosis and enzymatic degradation by innate immune cells such as microglia and bone marrow (BM)-derived monocytes (Mo) and macrophages (MΦ) (35, 36). However, under a chronic neuroinflammatory condition typical for AD, microglia exhibit a compromised phenotype, with diminished ability to clear Aβ (37, 38), further contributing to damaging inflammatory processes, and excessively pruning synapses (39–46). Nevertheless, unlike brain-resident microglia, BM-derived Mo/MΦ appear to have an increased capacity to remove Aβ fibrils, as shown by studies in both cell cultures and animal models (47–64). Indeed, various pre-clinical studies from our group and others have supported an emerging paradigm shift for the therapeutic potential of immunomodulation via enhanced cerebral recruitment of BM-derived Aβ-clearing macrophages (9, 35, 50, 52, 58, 62–70). In particular, we demonstrated that successful delivery of therapeutic Mo/MΦ to the brains of APPSWE/PS1dE9 double-transgenic (ADtg) mice can be achieved via immunization with altered myelin-derived antigens (e.g., glatiramer acetate – GA; also known as Copaxone®) or peripheral-blood enrichment with BM-derived CD115+-monocytes (MoBM) (50, 52, 58, 63, 70). In the immunized mice, cerebral MΦ were found to be highly-phagocytic, pro-healing, and anti-inflammatory, profoundly alleviating cerebral Aβ40 and Aβ42 burden, reducing microgliosis and astrocytosis, and ultimately improving cognitive functions. Further, GA induced macrophage-mediated recognition and phagocytosis of fibrillar Aβ42 (63, 70). However, the potential of clearing the non-fibrillar, soluble Aβ42 oligomeric forms by macrophages requires further investigation.

Experimental and clinical studies have indicated that the cognitive decline seen in AD patients and animal models is related to early pathological processes occurring in entorhinal cortex layers 2 and 3 (71–75). These layers play a crucial role in connecting brain cortical regions to the hippocampus. Our immunomodulation approach of recruiting Mo/MΦ to brain sites of Aβ deposits substantially reduced AD-related pathology within these regions (63, 70). Importantly, selective ablation of peripheral monocytes, either by diphtheria toxin-targeted depletion or Ccr2-mediated inhibition of cerebral monocyte infiltration, exacerbated cortical and hippocampal Aβ pathology in ADtg mice (52, 53). In addition, our preliminary data suggested a presynaptic preservation concomitant with Aβ-plaque reduction in hippocampi of these murine models (63). Yet, the underinvestigate role of peripheral Mo/MΦ in preservation of synaptic and neurite integrity, especially postsynaptic terminals within AD-relevant cortical regions, calls for broader exploration due to promising clinical implications of immunomodulation intervention strategies for AD.

Here, we applied photo-induced cross-linking of unmodified proteins (PICUP) to assess the impact of intrinsically metastable and polydisperse Aβ42 oligomers on neurons and to test the ability of macrophages to recognize, bind to, and remove them (76, 77). This technique allowed us to produce pure, stabilized assemblies of low-n Aβ42 oligomers (XL-oAβ42). The precise detrimental impact of these oligomeric conformers, as compared with preformed fibrils (fAβ42), was determined on synaptic density, neuritic arborization length, and neuronal function in primary (P1) cortical neurons. Furthermore, synaptic and neurite protection against Aβ42 oligomers was explored in co-cultures of cortical neurons accompanied with BM-derived MΦ or GA-activated MΦ. Next, the innate immune mechanisms of eliminating pathogenic Aβ42 assemblies and subsequently attaining synaptic rescue were studied. Finally, in ADtg mice, we determined synaptic loss as well as preservation of pre- and postsynaptic terminals following macrophage-mediated immunomodulation interventions in predefined hippocampal and cortical subregions.



MATERIALS AND METHODS


Mice

Alzheimer's disease double-transgenic (ADtg) B6.Cg-Tg (APPswe, PSEN1ΔE9) 85Dbo/J mice and their age-matched wildtype (WT) C57BL/6J littermates were purchased from Jackson Laboratories (MMRRC stock 34832-JAX) and then bred and maintained at Cedars-Sinai Medical Center. All animals in this study have a C57BL/6 congenic background. Two cohorts of 10-month-old males, WT and ADtg (n = 6 per experimental group), were used. The first cohort underwent weekly s.c. GA immunization or monthly i.v. CD115+-MoBM injections for a duration of 2 months. Control groups were comprised of either naïve WT mice or monthly i.v. PBS injected ADtg mice. At the completion of the experiment, mice underwent behavioral testing at 12 months of age, then were perfused, under deep anesthesia, with ice-cold 0.9% saline solution containing 0.5 mM EDTA, and brains were collected for analyses. Harvested brains were cut in half. One hemisphere was post-fixed overnight in phosphate-buffered saline (PBS) containing 2.5% paraformaldehyde. Tissue was cryoprotected and stored in PBS containing 30% sucrose and 0.1% sodium azide. Brains were cut coronally in 30 μm serial sections for histology. The second hemisphere was further snap-frozen for biochemical and molecular assays as described previously (63). The second cohort underwent perfusion as described above for tissue collection.



Culture and Co-culture of Primary Cortical Neurons and Macrophages

Cortical neuronal cultures were prepared from postnatal day 1 C57BL/6 mice (78, 79). Neonates were decapitated, and their brains were removed. The cerebral cortex was dissected, stripped of meninges, dissociated with a combination of calcium and magnesium free Hank's balanced salt solution (HBSS; Life Technologies) containing 0.2% w/v papain suspension (Worthington Biochemical), and digested for 12 min at 37°C. The triturated cells were passed through a 70 μm strainer and counted. The cells were plated in laminin and poly-D-lysine-coated coverslips (BD Biosciences) at a density of 8 × 104 cells per ml (in 24-well plates) in NbActiv4 (BrainBits), then supplemented with 100 units/ml penicillin and 100 μg/ml streptomycin. The purity of primary neurons was about 92–94% (78). Bone marrow-derived macrophages were obtained as described previously (63). Briefly, bone marrow cells were isolated from the femurs and tibiae of 8- to 16-week-old C57BL/6 mice, differentiated into macrophages by incubation in complete RPMI-1640 (Life Technologies), and supplemented with 10% fetal bovine serum (Life Technologies) and 20 ng/ml macrophage colony stimulating factor (M-CSF; PeproTech) for 5 days. Primary cultures of macrophages were then suspended in NbActiv4 and co-cultured with primary cortical neurons (ratio of 1:1) per well in 24-well tissue-culture plates for 2 days. Primary neurons and/or macrophages were incubated overnight with 100nM of scrambled (s), fibrillar (f), or oligomeric (o) Aβ42 (see below “Preparation of Aβ1−42 oligomers, fibrils and Scrambled Aβ42”). Additional groups included those with macrophages treated with glatiramer acetate (GA; 30 μg/ml, TEVA Neuroscience) for 24 h. Experiments were carried out at day 9 of seeding cortical neurons starting with synapse formation and maturation (78). Cultures were washed in PBS and then fixed in 4% formaldehyde for 20 min at room temperature for further experimental procedures.



Microelectrode Array Recording

Cortical neuronal cultures (as described above) were plated in a M768-GLx 12-, 24-, or 48-well plate (Axion Biosystems). Preformed Aβ42 (100 nM) were added to the culture on day 9. Simultaneous recordings from 64 extracellular electrodes per well were made using the Maestro (Axion BioSystems) microelectrode array (MEA) system at a constant temperature of 37°C. Data were sampled at 12.5 kHz, digitized and analyzed using Axion Integrated Studio software (Axion BioSystems) where spike events were detected using an adaptive spike detection threshold of 5.5 SD for each electrode with 1 s binning. Detected waveforms were then further sorted usingOffline Sorter v4 software (Plexon) and exported through NeuroExplorer (Nex Technologies) into MatLab for waveform analysis using custom code. All data is presented as means ± s.e.m. and include recordings from 5 independent experiments.



Amyloid-β42 Determination by Sandwich ELISA

At day 7, macrophages were incubated for 30 min or 24 h with fibrillar (f) or oligomeric (o) Aβ42 and thereafter culture medium was collected. Total protein levels in the supernatant were determined using the Pierce BCA Protein Assay Kit (#23227; Thermo Scientific). The Aβ42 levels in the supernatant were assessed using a sandwich ELISA for an anti-human Aβ42 end-specific kit (KHB3442, Invitrogen; which does not recognize mouse Aβ nor human Aβ40/Aβ43). The kit was used according to the manufacturer's instructions. This assay is based on a combination of two antibodies specific for the N- and the COOH-termini of Aβ42 sequences. The bound rabbit anti-COOH-terminus was detected with a horseradish peroxidase-labeled anti-rabbit antibody and was read at 450 nm using a microplate reader (Spectra Max 384 plus, Molecular Devices). Concentrations detected at 24 h incubation were normalized to basal levels at 30 min incubation.



Immunocytohistochemistry and Quantification of Synapses and Neurites

Primary neurons/macrophages in coverslips and brain coronal cryosections at bregma −2.50, −2.65, and −2.80 mm (80) per animal were washed in PBS and then treated with a permeabilization/blocking solution containing 20% normal horse serum (Invitrogen) and 0.05% Triton X-100 (Sigma-Aldrich). Cells or tissue sections were stained overnight at 4°C with combinations of presynaptic marker VGluT1 (Chemicon, 1:6,000), postsynaptic marker PSD95 (Abcam, 1:600; for synapses), or neuron-specific class III beta-tubulin/Tuj1 (Abcam) or Tubb3 (BioLegend; for neurites; Supplementary Table 1) in 2% blocking solution in PBS. Secondary antibodies of Cy3 donkey anti-guinea pig or anti-mouse or Cy5 donkey anti-rabbit (Supplementary Table 1) were incubated for 1 h at room temperature. The samples were washed in PBS and mounted using ProLong® Gold with DAPI (Life Technologies). All groups were immunostained using identical procedures. Negative controls were processed using the same protocol with the omission of the primary or secondary antibodies to assess nonspecific labeling. There was no specific staining with these negative controls. Microphotographs were shot using a Carl Zeiss Axio Imager Z1 fluorescence microscope equipped with ApoTome (AxioVision 4.6.3, Carl Zeiss). The parameters for scanning were consistent across all groups.

Synaptic and neuritic quantification of primary cultures in vitro was carried out from 16 images, each coverslipped at a 40 × objective lens. At least 2 coverslips, 32 images, and 150 neurons for each condition were analyzed. For synaptic analysis in vivo and to cover the hippocampal area, 3 of the same rectangular fields (90 × 70 μm) under 100 × oil objective lens were precisely selected in the lateral and medial blade molecular layer (ML) of the dentate gyrus (DG), the stratum lacunosum-moleculare (SLM), the stratum radium (SR) and the stratum oriens (SO) of cornu ammonis 1 (CA1) in each condition, respectively. In addition, 2 of the same fields were carefully chosen in layers 2 and 3 of the entorhinal cortex (ENT). Fifteen optical sections per field, 15 fields per hippocampal area, 4 fields per entorhinal cortex per section, and 855 total images per brain were analyzed. Single optical section images at 0.25 μm intervals and 3.75 μm Zeiss ApoTome high-resolution scans were performed. Synaptic puncta number and synaptic immunoreactive (IR) area were quantified using Puncta Analyzer (81, 82) and ImageJ (NIH) macro and batch process. Total neurite length was measured using the NeuriteTracer program (83). Briefly, the cultures were immunostained with Tuj1 for neurite and NeuN for the neuronal nucleus. For each condition, at least 150 primary neurons, 32 images in random fields from 2 coverslips in 2 independent experiments were analyzed. The NeuriteTracer was utilized to detect the neurites strongly stained for Tuj1. Following optimization of parameters to separate neurites from the neuronal cell body and tracing the neurite through skeletonization, positively labeled neurites and respective lengths were quantified (Figure 3B). The observer was blind to the treatment conditions. Average puncta number, synaptic area, and percentage of the area per image or per neuron were calculated for each condition.



Primary Cultures of Bone Marrow-Derived Macrophages and the Phagocytosis Assay

To test amyloid-β phagocytosis by macrophages, in repeated experiments monocytes were isolated from the bone marrow of wild-type mice (n = 18 mice) and differentiated into macrophages by 7-day cultivation in complete RPMI-1640 medium (#21870; Life Technologies) with 10% serum and 20 ng/ml MCSF (#315-02; PeproTech). Macrophage primary cultures were then plated at 1.2 × 105 cells per well (3–4 wells for each condition) in 24-well tissue-culture plates on glass coverslips overnight. Next, macrophages were either treated with 30 μg/ml GA (Copaxone® TEVA Neuroscience) for the duration of 1, 3, or 24 h, or not treated (control group). Before addition of f/o/sAβ42 or vehicle, the cells were chilled in a 4°C ice bath for 5 min; immediately after addition of the preformed Aβ42 (100 nM), the plates were centrifuged at 515g in 25°C followed by incubation at 37°C for 30 or 60 min. The cells were then rinsed with Aβ-free medium to remove non-incorporated Aβ and later washed twice with PBS. Methanol (99.8%) at −20°C for 20 min or 4% paraformaldehyde at room temperature for 12 min were used for fixation of the cells followed by repeated washes with PBS. For immunostaining, the cells were first stained using the mouse anti-human amyloid-β mAb clone 6E10 (1:100; SIG-39320; Covance), rat anti-CD36 mAb clone MF3 (1:200; ab80080; Abcam), rat anti-CD204 scavenger receptor type I/II (SCARA1) mAb (1:100; MCA1322; AbD Serotec), rabbit anti-EEA1 pAb (1:100; Millipore #07-1820) and goat anti-MMP-9 pAb (1:100; AF909; R&D systems; Supplementary Table 1). Secondary polyclonal antibodies included donkey anti-mouse, anti-rat, anti-rabbit, and anti-goat conjugated with Cy2, Cy3, or Cy5 (1:200; Jackson ImmunoResearch Laboratories). The cells were mounted using ProLong® Gold with DAPI (Molecular Probes, Life Technologies; Supplementary Table 1). Several fields (minimum n = 5 randomly selected per group) were obtained from each well using a Carl Zeiss Axio Imager Z1 ApoTome-equipped microscope (an average of 120 cells in each field). Images were obtained using the same exposure time on each occasion. The fluorescent signal and its total area were determined and quantified by the conversion of individual images to greyscale and standardizing to baseline using histogram-based thresholds with NIH ImageJ software. The “mean area per cell” was a result of a numerical average of the individual cell's immunoreactive area per field. The “area/cell” measures the total fluorescent signal (area) divided by the total number of cells (DAPI count) of the same field (image). For all experiments, the investigators were blinded to the treatment condition. Colocalization of EEA1-6E10 (puncta analysis) was performed as synaptic puncta number analysis described above (81, 82).



Preparation of Aβ1−42 Oligomers, Fibrils, and Scrambled Aβ42

Filtration was used to prepare LMW Aβ42 as described (84). Microcon YM-30 filters (EMD Millipore) were washed in 200 μl of distilled deionized water. Aβ was dissolved in 10% (v/v) 60 mM NaOH and 90% (v/v) 10 mM phosphate buffer, pH 7.4, at a concentration of 1 mg/ml. The solution was sonicated for 1 min and then placed into the washed filter. Following centrifugation at 14,000 × g for 20 min, the filtrate, LMW Aβ42, was collected. This LMW Aβ was stabilized using photo-induced cross-linking of unmodified proteins (PICUP) (76, 85–87) to yield a distribution of “oligomeric Aβ.” Briefly, 2 mM Tris(2,2′-bipyridyl)di- chlororuthenium(II) hexahydrate (Ru(Bpy); Aldrich) and 40 mM ammonium persulfate (APS; Sigma) were prepared in distilled deionized water. An 18 μl aliquot of 80 μM LMW Aβ42 was placed in a PCR tube, followed by 1 μl of Ru(Bpy) and 1 μl of APS. The sample was irradiated (150 W incandescent lamp) for 1 s and the reaction was quenched immediately with 1 M dithiothrietol. Cross-linking reagents were removed by dialysis using 3.5 kDa MWCO Slide-A-Lyzer cassettes (Pierce) against 10 mM sodium phosphate pH 7.4. More than 5 changes of buffer were completed, and protein purity and concentration were confirmed with optical absorption spectroscopy and SDS-PAGE.

For preparation of fibrillar Aβ42, LMW Aβ42 was prepared as described above, and the peptide preparation was incubated at 100 μM with orbital shaking at 37°C until fibril formation occurred, approximately 2 weeks. The presence of fibrils was confirmed by electron microscopy. We used a previously designed “scrambled” Aβ42 peptide that: (1) had an amino acid composition identical to that of wild type Aβ42, and (2) did not display amphipathicity (as does the wild type peptide). We accomplished this by using word scrambler software (for example: https://www.wordunscrambler.net/word-scrambler.aspx) to randomly permute the Aβ amino acid sequence. We then used Kyte-Doolittle analysis (88) to determine the hydropathy profiles of the permuted sequences. This sequence met the 2 criteria for scrambled Aβ42: YHAGVDKEVVFDEGAGAEHGLAQK -IVRGFGVSDVSMIHINLF.

Both WT and scrambled Aβ42 were synthesized using 9-fluorenylmethoxycarbonyl (Fmoc) chemistry, purified by reverse phase-high performance liquid chromatography, and characterized by mass spectrometry and amino acid analysis, as described previously (89). Quantitative amino acid analysis and mass spectrometry yielded the expected compositions and molecular weights for each peptide. Purified peptides were stored as lyophilizates at −20°C. During fibril assembly studies, scrambled Aβ42 has been shown to maintain a statistical coil secondary structure, bind thioflavin T poorly, and exhibit oligomerization characteristics distinct from those of wild type Aβ42 (90). Scrambled Aβ42 was dissolved in 10% (v/v) 60 mM NaOH and 90% (v/v) 10 mM phosphate buffer, pH 7.4, at a concentration of 1 mg/ml.



Transmission Electron Microscopy

Ten microliters of Aβ were spotted onto 400 mesh carbon-coated Formvar grids (Electron Microscopy Sciences) and incubated for 2 min. Each grid was then negatively stained with 1% (v/v) filtered (0.2 μm) uranyl acetate (Ted Pella), which was immediately wicked off. Electron microcopy analysis was performed using JEOL 1200 EX at 80 KV (91).

All other experimental protocols, including genotyping, GA immunization, isolation and adoptive transfer of bone-marrow CD115+ monocytes, quantification and stereological counting, and Barnes maze behavioral tests were previously described (63).



Statistics

GraphPad Prism 5.0b (GraphPad Software) was used to analyze the data. A comparison of three or more groups was performed using two-way or one-way ANOVA followed by the Tukey's or Bonferonni's (92) post hoc multiple comparison test for paired groups. Two-group comparisons were analyzed using two-tailed paired t-tests (StatPlus). Correlation analyses were performed using the Pearson's coefficient (r) tests (Prism). Results are expressed as mean ± standard error of the mean (s.e.m.). A p value less than 0.05 was considered significant.




RESULTS


Excitatory Synapses Are More Vulnerable to Aβ42 Oligomers Than Fibrils

To assess the effect of Aβ42 oligomers vs. fibrils on synaptic integrity and neuronal structure, postnatal day 1 (P1) primary cortical neurons (CN) were incubated for 12 h with 100 nM of either defined and stabilized oligomers (XL-oAβ42), preformed fibrils (fAβ42), or non-aggregated scrambled Aβ control peptides (sAβ42)(90), compared to medium alone without Aβ (vehicle; Figures 1A–D). The pure populations of Aβ42 fibrils and stabilized low-n oligomers were verified by SDS-PAGE gel and transmission electron microscopy (Figures 1A–C). We observed no statistical difference in synaptic puncta number [analyzed by colocalized presynaptic VGluT1 (vesicular glutamate transporter 1) and PSD95 (postsynaptic density protein 95)] or neurite length between vehicle and sAβ42 groups (Supplementary Figures 1A,B). There was also no significant difference between CN co-cultured for 24 h with BM-derived MΦ for 24 h supplemented with either medium alone or sAβ42 (Supplementary Figures 1A,B). Interestingly, there was a small but significant increase in VGluT1/PSD95 synaptic number in cortical neurons following 24 h co-culture with GA-treated MΦ (Supplementary Figure 1A). While sAβ42 did not induce loss of synapses or neuritic length retraction in CN, incubation with fAβ42, and moreover, with XL-oAβ42 (Figure 1D), decreased presynaptic VGluT1+ number by 63 and 81%, respectively, as compared to vehicle (Figure 1E; P < 0.001). Similarly, but to a lesser extent, postsynaptic PSD95+ puncta numbers were significantly reduced by 48 and 62% after exposure to fAβ42 or XL-oAβ42, respectively (Figure 1E; P < 0.001). Analysis of co-localized VGluT1 and PSD95 puncta number indicated a 50 and 70% reduction in synaptic density after 12 h exposure to fAβ42 or XL-oAβ42, respectively (Figure 1F; P < 0.001). Importantly, cortical excitatory synapses were substantially more vulnerable to low-n Aβ42 oligomers than to their fibril counterparts (Figure 1F; P < 0.001).
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FIGURE 1. Impact of defined and stabilized Aβ42 oligomers vs. purified fibrils on synaptic integrity in primary cortical neurons. (A) SDS-PAGE image of cross-linked (XL+) and non-XL (XL−) Aβ42 oligomers. (B) Electron microscopy (EM) of preformed fibrillar (f)Aβ42 and (C) XL-oAβ42, consisting of a defined distribution of covalently linked oligomers that were characterized by negative EM stain. Spherical (arrows) and amorphous structures were observed for XL-oAβ42, whereas typical amyloid fibrils were seen in fAβ42. (D) Representative high-resolution images of pre-VGluT1 and post-PSD95 synapses in primary cortical neurons, treated with no (–)Aβ42 (vehicle), fAβ42 or XL-oAβ42. Areas within dashed boxes are magnified below. (E,F) Quantification of pre- and postsynapses in postnatal day 1 (P1) mouse primary cortical neurons. (E) VGluT1- and PSD95-immunoreactive area per neuron and (F) colocalized VGluT1/PSD95 synaptic puncta number in P1 cortical neurons treated with vehicle, fAβ42 or XL-oAβ42. ***P < 0.001, fAβ42 vs. vehicle or XL-oAβ42 vs. vehicle; **P < 0.01, fAβ42 vs. XL-oAβ42, by one-way ANOVA and Tukey's post-test. Data expressed as mean ± s.e.m.; n = 32 fields analyzed from 2 independent experiments; Scale bars = 100 nm (B,C) and 5 μm (D).




Spontaneous Neuronal Hyperactivity and Altered Spike Waveforms Induced by Aβ42 Oligomers

To examine the functional consequences of exposing neurons to Aβ42 oligomers vs. fibrils, we recorded the spontaneous extracellular activity of P1 cortical neurons using Microelectrode arrays (MEA) after incubation with vehicle, fAβ42, or XL-oAβ42 for either 24 or 48 h (Figures 2A–G and Supplementary Figures 2A–D). We first compared the spontaneous activity levels across all neurons with a level of activity of at least 0.2 Hz. We found that after incubation with Aβ42 oligomers for 24 h, spontaneous activity levels were significantly larger compared to incubation with vehicle or fibrils (Figure 2A; P < 0.05), whereas activity levels for incubation with fibrils was not significantly different from incubation with vehicle (Figure 2A; P < 0.05). After 48 h, neurons incubated with either fAβ42 or XL-oAβ42 had significantly elevated levels of spontaneous activity compared to vehicle (Figure 2B; P < 0.001–0.05). This shows that incubation with Aβ42 oligomers is accompanied by hyperactivity as early as 24 h. This was also true when examining all neurons regardless of spontaneous activity levels and when only included neurons recorded at both time points (see Supplementary Figures 2A–C).
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FIGURE 2. Oligomeric Aβ42 assemblies cause neuronal hyperactivity and altered extracellular spike waveforms. Microelectrode array recordings of spontaneous activity in P1 primary cortical neurons measured 24 and 48 h after addition of vehicle, 100 nM of fAβ42, or of XL-oAβ42. (A,B) Mean neuronal frequency of active neurons showing spontaneous activity during 5 min recordings. Neurons analyzed met a minimum threshold of 0.2 Hz firing rate. 24 h, *P < 0.05, vs. Vehicle or fAβ42; 48 h, *P < 0.05, ***P < 0.001, vs. Vehicle; Kruskal-Wallis analysis by Dunn's test. (C) Comparison of spontaneous activity measured from the same individual neuron populations over time, from untreated (time 0) to 24 h incubation with vehicle, fAβ42, or XL-oAβ42. ****P < 0.0001, vs. time 0; Kruskal-Wallis analysis by Dunn's test. (D) Representative extracellular waveforms from each condition (gray = overlays of multiple waveforms from a single neuron; black = fitted mean waveform for analysis), identifying the trough-to-peak width (blue) and repolarization slope (orange). Shaded blue box indicates trough-to-peak width observed in control wave forms, dotted blue lines indicate measurement in XL-oAβ42. Orange hashed lines indicate mean repolarization slope of each wave form. (E) Quantification of trough-to-peak width in P1 cortical neurons incubated with fAβ42 or XL-oAβ42 for 48 h. **P < 0.01 vs. Vehicle 48 h. (F–G) Quantification of repolarization slope in P1 neurons in each condition. *P < 0.05 vs. Vehicle 24 and 48 h or fAβ42 24 h, respectively. one-way ANOVA and Tukey's post-test. Data expressed as mean ± s.e.m., with individual data point from 5 independent experiments.


Did the presence of oligomers change the biophysical properties of neurons? To address this question, we next assessed whether the extracellular waveforms of the recorded action potentials differed between neurons exposed to fibrillar and oligomeric forms (Figures 2D–G and Supplementary Figure 2D). We found that two critical features of the extracellular waveform changed after incubation with oligomeric Aβ42. First, the trough-to-peak width of waveforms (Figure 2D) recorded from neurons incubated with oligomeric Aβ42 was significantly decreased relative to controls after 48 h (Figure 2E; P < 0.01); this effect was not apparent after 24 h (Supplementary Figure 1D). Second, the repolarization slope significantly decreased for neurons incubated with Aβ42 oligomers, but not fibrils, relative to controls after 24 h (Figure 2F; P = 0.0103), an effect which persisted through 48 h (Figure 2G; P < 0.05). Together, this shows that incubation with Aβ42 oligomers was accompanied by spontaneous neuronal hyperactivity and altered extracellular waveforms.



Activated Macrophages Effectively Prevent Synaptic Loss and Neuritic Arborization Retraction Caused by Aβ42 Oligomers

To determine whether naïve BM-derived (MΦBM) or GA-activated macrophages (GA-MΦ) can confer neuroprotection, P1 CN were co-cultured with MΦBM or GA-MΦ in the presence of fAβ42 or XL-oAβ42 (Figure 3; experimental scheme and neurite tracing quantification method are shown in Figures 3A,B). Substantial synaptic loss and neuritic retraction were observed, especially after exposure to Aβ42 oligomers (Figures 3C,D,F,G vs. Figure 3E; P < 0.01; 32 and 65% VGluT1/PSD95-synaptic loss in response to fibrils and oligomers, respectively). Importantly, reductions in pre- and postsynaptic puncta number (and area) after exposure to fAβ42 were fully restored when co-cultured with MΦBM or GA-MΦ (Figure 3C and Supplementary Figures 3A, B; P < 0.01), suggesting that MΦ have the capacity to effectively protect synapses against Aβ42 fibril toxicity within this time frame. However, untreated MΦ had limited ability to protect synapses against damage induced by Aβ42 oligomers (Figure 3C; P < 0.05), although importantly, GA activation of MΦ promoted full protection also against these highly synaptotoxic oligomers (Figure 3C and Supplementary Figures 3A,B; P < 0.01). While minimal to no protection against neuritic arborization loss was observed following co-culturing cortical neurons with naïve MΦ in the presence of either fAβ42 or XL-oAβ42 (Figure 3D), significant protection to neuronal dendritic structure was obtained with GA-activated MΦ, as measured by neurite process lengths (Figure 3D; P < 0.05). Interestingly, even in the absence of Aβ, co-cultures of cortical neurons with GA-MΦ vs. naïve MΦ had a significant increase in synaptic density (Figure 3C; P < 0.05). Thus, in primary cortical neurons, GA-activated MΦ effectively prevented loss of synapses and defects in arborization of neurite processes induced by both Aβ42 fibrils and oligomers.
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FIGURE 3. Activated MΦ effectively protect against oligomeric Aβ42-induced synaptic and neuritic arborization loss in primary cortical neurons. (A) Schematic of the in vitro experiments (timeline in days). P1 cortical neurons (treated with 100 nM XL-oAβ42, fAβ42, or vehicle for 12 h, respectively), bone marrow-derived MΦ (MΦBM), and GA-activated MΦBM (GA-MΦ) were cultured for 9 d. (B) Representative microphotographs of P1 neurons labeled with anti-Tuj1 and -NeuN serum (left), neuritic tracings with NeuriteTracer (83) (middle), and RGB merge tracings (right). Scale bar represents 20 μm. (C) Quantification of colocalized VGluT1/PSD95 synaptic puncta number in P1 neurons incubated with fAβ42, XL-oAβ42, or vehicle, and P1 neurons co-cultured with MΦ or with GA-MΦ. Note that fAβ42 and XL-oAβ42 both reduced the VGluT1/PSD95 synaptic density that was significantly preserved by co-culturing with MΦ. This effect was enhanced by co-culturing with GA-MΦ. (D) Quantification of neuritic length of P1 neurons incubated with fAβ42, XL-oAβ42, or vehicle, and P1 neurons co-cultured with MΦ or with GA-MΦ. Note that co-culturing with GA-MΦ significantly prevented decreases in neuritic length from fAβ42 or XL-oAβ42. Data expressed as mean ± s.e.m.; n = 48 fields analyzed from 3 independent experiments; *P < 0.05, **P < 0.01, comparisons as indicated by lines; #P < 0.05, vs. fAβ42 or XL-oAβ42 alone (no MΦ), by one-way ANOVA and Tukey's post-test. (E-H) Representative microphotographs of primary P1 neurons incubated with (E) vehicle, (F) XL-oAβ42, (G) fAβ42, and (H) co-cultured with GA-MΦ + XL-oAβ42. Scale bar = 20 μm.




MMP-9/Extracellular Degradation Is Predominant for Macrophage Clearance of Aβ42 Oligomers

To investigate how macrophages, including GA-activated macrophages, facilitate clearance of Aβ42 oligomers vs. fibrils and potentially increase synaptic protection, we characterized MΦ phenotypes, with and without GA stimulation, in response to the same quantities of XL-oAβ42 and pre-formed fAβ42 (100 nM; Figure 4). First, to assess surface recognition and intracellular uptake of Aβ42 assemblies, MΦ were incubated with XL-oAβ42 or fAβ42 for 30 min and labeled for Aβ (6E10), early endosome antigen 1 (EEA1), and class B scavenger receptor CD36 or class A type 1 scavenger receptor SCARA1 (encoded by macrophage scavenger receptor 1 – MSR1 gene). There was a notable increase in CD36 expression, intracellular o/fAβ42, and o/fAβ42 colocalized within EEA1 endosomes in GA-MΦ vs. naïve MΦ (Figures 4A, B). A quantitative analysis of scavenger receptors indicated a significant increase in CD36 expression (Figure 4C; P < 0.01; Supplementary Figure 4A; P < 0.05) in GA-MΦ compared to untreated MΦ, but not in SCARA1 for XL-oAβ42 (Supplementary Figure 4B). Regardless of GA, exposure to Aβ42 oligomers substantially upregulated surface expression of CD36 in MΦ (Figure 4C; P < 0.001). GA-MΦ exhibited significantly more intracellular uptake of both fAβ42 and XL-oAβ42 vs. naïve MΦ (Figures 4D,E; P < 0.0001 and P < 0.001, respectively). Both naïve and GA-MΦ were on average six times less effective in intracellular uptake of oligomeric vs. fibrillar Aβ42 (Figure 4D vs. Figure 4E). Strikingly, as compared with fibrils, Aβ42 oligomers were approximately 2,500 times less targeted into early endosomes (Figure 4F vs. Figure 4G), as measured by 6E10+-Aβ puncta number colocalized in EEA1+ vesicles after 30 min phagocytosis assay. Hence, these data suggest that while intracellular Aβ42 fibrils are predominantly targeted to the endosomal-lysosomal proteolysis pathway, intracellular oligomers mostly escape these proteolytic vesicles in MΦ. Nonetheless, GA-MΦ significantly increased the presence of both Aβ42 fibrils and oligomers in EEA1+ endosomes (Figures 4F,G; P < 0.01–0.0001).
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FIGURE 4. Induced oligomeric Aβ42 clearance via GA activation of CD36/EEA1-intra- and MMP-9-extracellular mechanisms in MΦ, leading to neuronal preservation. (A–G) GA-activated (24 h) or naïve MΦ were exposed to 100 nM Aβ42 assemblies for 30 min, and co-labeled for Aβ (6E10, green), type B scavenger receptor CD36 (magenta), and early endosomal marker (EEA1, red). Cells were counterstained with DAPI (blue). Representative micrographs demonstrate elevated surface CD36 expression, intracellular Aβ, and Aβ colocalized within EEA1 endosomes in GA-MΦ vs. control MΦ, 30 min fAβ42 (A) and XL-oAβ42 (B) uptake assays. (C) Quantitative immunoreactive analysis of CD36 signals showed a substantial increase in CD36 in GA-MΦ. Basal levels of CD36 expression without Aβ42 were higher in GA-MΦ vs. control MΦ. This increase maintained its significance after exposure to XL-oAβ42. Regardless of GA effects, the presence of oligomeric Aβ42 substantially increased CD36 levels in both control MΦ and GA-MΦ. (D,E) Quantitative analysis of intracellular Aβ in MΦ following 30 min fAβ42 (D) and XL-oAβ42 (E). (F,G) Quantitative analysis of fAβ42 (F) and XL-oAβ42 (G) within EEA1-positive vesicles in early endosomes in GA-MΦ vs. control MΦ. Co-labeled 6E10/EEA1- immunoreactive puncta number per MΦ is displayed. (H) Increased MMP-9 signal in GA-MΦ after exposure to XL-oAβ42. (I) ELISA quantification of extracellular Aβ42 after 24 h incubation with fAβ42 or XL-oAβ42 compared to 30 min basal peptide levels. (J) Representative microphotographs of co-cultured P1 neurons and MΦ exposed to XL-oAβ42 for 24 h, stained with CD36, 6E10, Tubb3, and DAPI. P1 cortical neurons co-cultured with GA-MΦ vs. control MΦ exhibit increased neuritic outgrowth density with increased CD36-mediated Aβ uptake (arrows) and reduced extracellular Aβ42. Data expressed as mean ± s.e.m., with individual data point; n = 48 fields analyzed from 3 independent experiments; immunoreactive areas are normalized by cell number; **P < 0.01, ***P < 0.001, ****P < 0.0001, GA-MΦ vs. MΦ with fAβ42 or XL-oAβ42, and ###P < 0.001, ####P < 0.0001 for comparisons to MΦ without Aβ [(–) Aβ42], by one-way ANOVA with Tukey's test or two-tailed student t-test. Scale bar = 20 μm.


Next, we evaluated the extent to which MΦBM degrade Aβ42 oligomers as compared to fibrillar forms in the extracellular space. To this end, we first assessed the expression of matrix metallopeptidase 9 (MMP-9)—an Aβ-degrading enzyme—by analysis of MMP-9+-immunoreactive area in MΦ (Figure 4H). Then, we determined Aβ1−42 concentrations in supernatant of MΦ following incubation with 100nM of either fAβ42 or XL-oAβ42, using a highly sensitive ELISA assay (Figure 4I). We previously showed that after exposure to Aβ42 fibrils, GA-MΦ exhibited a significant increase in MMP-9 levels (63, 70). Yet, the response to oligomers has not been reported. Here, we found that MMP-9 expression in GA-MΦ was markedly increased after incubation with XL-oAβ42 (Figure 4H; P < 0.0001). Examination of extracellular degradation as a function of Aβ42 conformation indicated significant decreases in concentration of Aβ42 in the media of GA-MΦ vs. naïve MΦ after 24 h incubation with either fAβ42 or XL-oAβ42 (Figure 4I; 36 or 62% reduction, respectively, P < 0.01). Likewise, the substantial reduction in fAβ42 and XL-oAβ42 concentrations in the extracellular media of GA-treated vs. untreated MΦ can be seen after 30 min of incubation with these Aβ species (Supplementary Figures 4C,D; P < 0.001). Notably, at the two incubation time points (30 min and 24 h incubation), Aβ42 oligomers were primarily degraded in the extracellular rather than the intracellular space of macrophages and were considerably more accessible for extracellular degradation than their fibril counterparts (Figure 4I; 32% vs. 12 and 62% vs. 36% for MΦ and GA-MΦ, respectively; Supplementary Figures 4C,D; P < 0.001). Representative microscopic images in Figure 4J panel illustrate the increase in oAβ42 uptake and CD36 expression by GA-activated MΦ, along with a decrease in extracellular or synaptic-bound oAβ42, which resulted in synaptic and neuritic outgrowth preservation in primary cortical neurons. Overall, these data suggest that GA induces CD36/EEA1-mediated macrophage clearance, and moreover, MMP-9/extracellular degradation of synaptotoxic Aβ42 oligomers, ultimately protecting synapses, their dendritic structure, and neural function.



Severe Loss of Excitatory Pre- and Postsynaptic Terminals in the Entorhinal Cortex and Hippocampus of ADtg Mice

Given the crucial role of entorhinal cortex layers 2 and 3 in connecting brain cortical regions to the hippocampus, we sought to analyze pre- and postsynaptic VGluT1 and PSD95 biomarkers in substructures of the entorhinal cortex (ENT) and hippocampus (HIPPO) of 10- and 13-month-old symptomatic ADtg vs. wild type (WT) mice (Figures 5A–E; Supplementary Figures 5–8). Due to lack of differences between the lateral (ML-L) and the medial (ML-M) blade molecular layers in pre- and postsynaptic areas across all experimental groups (Supplementary Figure 5), both regions were combined in our analyses (Figures 5D,E). Ten-month-old ADtg mice already exhibited significant pre- and postsynaptic losses in the molecular layers (ML) of the dentate gyrus (DG) and the stratum lacunosum-moleculare (SLM), but not in the stratum oriens (SO) nor in the stratum radiatum (SR) of the cornu ammonis 1 (CA1; Supplementary Figure 6). At 13 months, ADtg mice exhibited 50-62% presynaptic VGluT1-immunoreactive (IR) area loss in all hippocampal regions as compared to WT mice (Figure 5D; P < 0.05–0.001). Similarly, analyses of postsynaptic PSD95-IR areas in 13-month-old ADtg mice vs. WT littermates indicated significant reductions by 28–42% in all hippocampal regions (Figure 5E; P < 0.05). In ENT layers 2 and 3, 68 and 53% of presynaptic VGluT1-positive areas were lost (Figure 5D; P < 0.001), while 38 and 51% of postsynaptic PSD95 signals were reduced (Figure 5E; P < 0.05 and P < 0.01) in ADtg mice compared to WT mice, respectively. Overall, our data demonstrate a progressive and considerable loss of VGLUT/PSD95 synaptic density, while the presynaptic VGluT1 terminals appear more vulnerable to Aβ accumulation in the 13-month ADtg animals.
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FIGURE 5. Cortical and hippocampal synaptic rescue by CD115+-monocyte blood enrichment and GA immunization in ADtg mice. (A,B) VGluT1/PSD95 synaptic quantification scheme in entorhinal cortex (ENT) and hippocampus (HIPPO). (A) (Middle) Representative crystal violet stained image of a coronal brain section at Bregma −2.65 mm. Scale bar = 1 mm. (Left) Representative microimage of HIPPO stained with the presynaptic (VGluT1, red) and postsynaptic (PSD95, green) markers. Note that 3 fields are chosen in each of the lateral and medial blade molecular layers (ML) of dentate gyrus (DG), as well as in the stratum lacunosum-moleculare (SLM), stratum radiatum (SR), and stratum oriens (SO) of CA1. (Right) Representative microphotograph of ENT immunolabled with the same pre- and postsynaptic markers. Note that ENT adjacent to piriform cortex (PIR) and 2 same fields are precisely selected from layers 2 and 3. Scale bar = 100 μm. (B) Representative microphotographs from the lateral blade ML immunostained with the same synaptic markers. Each high-magnification maximum intensity projection (MIP) image contains 15 Z-stack optical scanning (left). Scale bar = 10 μm. (Middle) Magnification for visualizing the proximity of pre- and postsynaptic signals. Scale bar = 2 μm. (Right) Schematic representation of pre- and post-terminal synapse. (C) Schematic of the in vivo experiments, where 10-month-old ADtg mice (all males) were injected with weekly s.c. GA immunization or monthly i.v. CD115+-MoBM injections for a duration of 2 months. Control groups were either naïve WT mice or monthly i.v. PBS injected ADtg mice. At the completion of the experiment, mice underwent behavioral testing, were euthanized, and brains were collected for analyses. (D,E) Quantification of presynaptic VGluT1 (D) and postsynaptic PSD95 (E) areas in ENT2/3 and hippocampal substructures of 13-month-old ADtg mice vs. age-matched WT littermates. (F,G) Quantification of VGluT1 (F) and PSD95 (G) immunoreactive areas in the entorhinal cortex, hippocampus, and whole brain of WT, GA-immunized, MoBM-injected, and PBS-control mice. Data expressed as mean ± s.e.m.; n = 6 mice per group; *P < 0.05, **P < 0.01, ***P < 0.001, and #P < 0.001, ##P < 0.0001, compared to ADtg control; @P < 0.05 compared to MoBM, ∧P < 0.05 compared to GA, one-way ANOVA with Tukey's test.




Synaptic Rescue Following Enhanced Cerebral Recruitment of Macrophages via Immunomodulation Therapy in ADtg Mice

To better understand the role of peripheral Mo/MΦ in preservation of excitatory synapses within AD-relevant cortical and hippocampal regions, we analyzed both pre- and postsynaptic density in substructures of ENT and HIPPO following weekly s.c. injections of GA immunization or monthly i.v. injections of CD115+ MoBM into the peripheral blood (schematic of in vivo experiment in Figure 5C). Rescue pre- and postsynaptic density was noted in ENT2/3 by GA immunization or blood enrichment with MoBM in ADtg mice (Figures 5F,G, P < 0.05–0.001; Supplementary Figure 7, P < 0.05–0.01). Similarly, GA led to rescue of pre-VGluT1 and post-PSD95 synapses in HIPPO across various ML, SLM, SR, and SO subregions (Figures 5F,G, P < 0.05–0.01; Supplementary Figure 8). Notably, throughout the analyzed brain regions, both immunomodulation approaches rescued postsynaptic density (i.e., PSD95-IR area) in symptomatic ADtg mice to levels similar or higher than those observed in WT mice (Figure 5G; Supplementary Figures 7B, 8B). No cumulative effect was noted between a group of ADtg mice treated with both GA and MoBM (combined treatment) and groups of mice treated with GA or MoBM alone (data not shown). Taken together, our in vitro and in vivo data suggest that immunomodulation approaches that deliver macrophages to reduce pathogenic Aβ42 burden at synaptic clefts substantially preserve pre- and postsynaptic terminals.

To identify confounders that potentially predict excitatory synaptic loss and contribute to immunotherapy-based synaptic preservation, we carried out multiple Pearson's coefficient (r) correlation analyses in the 13-month-old mouse cohort (Supplementary Figure 9). Specifically, we explored possible relationships between synaptic integrity and parameters of disease stage (cognitive function in Barnes maze test, astrogliosis, and amyloidosis) and therapeutic response (cerebral MΦ recruitment and phenotype). A strong linear association was observed between cerebral astrocytosis (GFAP+ reactive astrocyte area) and impaired cognitive function, as measured by error count on day 7 (long-term memory retention) of Barnes maze test (Supplementary Figure 9A; P = 0.0187, Pearson's r = 0.60). Similar correlations were found between hippocampal and cortical astrogliosis and other parameters of cognitive deficit in the Barnes maze test (not shown), suggesting that astrogliosis is a strong predictor of cognitive decline. Comparable to these observations, tight correlations were detected between cortical astrocytosis and postsynaptic loss (Supplementary Figures 9B–D; P = 0.028–0.007 and Pearson's r = −0.55 to −0.61). These data show an association between astrogliosis and cognitive outcome.

In relation to Aβ-plaque pathology, both cortical and hippocampal regions further revealed close inverse associations with postsynaptic density (Supplementary Figures 9E–H; P = 0.011–0.002 and Pearson's r = −0.57 to −0.70). Similar correlations were also observed for presynaptic areas (not shown). These data suggest that cerebral Aβ-plaque burden are important indicators of synaptic loss in this murine model. We then established the relationship between excitatory synaptic integrity and cognition, showing significant associations between hippocampal and cortical synaptic density and cognitive function (Supplementary Figures 9I,J; P = 0.015–0.009 and Pearson's r = −0.45 to −0.53). The latter cognitive performance was determined by escape latency times in the learning and memory reversal phase on day 9 of the Barnes maze test. These data suggest that synaptic integrity is tightly associated with cognitive function, and that both astrogliosis and amyloidosis adversely affect it.

We previously showed that effective immunomodulation approaches in ADtg mice, such as GA immunization or blood enrichment with MoBM, reduced Aβ-plaque pathology and preserved cognition (50, 52, 63, 70). These therapeutic effects were achieved via cerebral recruitment of Iba-1+/CD115+/CD45hi Mo/MΦ that expressed high levels of osteopontin (OPN; encoded by the gene secreted phosphoprotein 1 or SPP1) (63, 70). OPN/SPP1 is an immunoregulatory cytokine shown to both promote synaptogenesis (93–95) and be crucial for MΦ-mediated Aβ42 clearance (70). Significant and strong associations were observed between cerebral and hippocampal Iba-1+/CD45hi Mo/MΦ (Mo/MΦ cell count) and cognitive function, as measured by latency times and error counts on day 9 of the Barnes maze test (Supplementary Figures 9K,L; P = 0.0472–0.011 and Pearson's r = −0.64 – −0.76). We further found a significant and robust association between OPN and postsynaptic but not presynaptic density areas (Supplementary Figures 9M,N; P = 0.0133 and Pearson's r = 0.69). These analyses suggest that increased Mo/MΦ-mediated OPN/SPP1 presence in the brain is linked with synaptic integrity and cognitive preservation.




DISCUSSION

This study supports the conclusion that activated MΦBM can reduce Aβ42 oligomers and protect synaptic integrity and neuronal structure. Initially, we determined the impact of defined and stabilized populations of soluble Aβ42 oligomers on excitatory synapses, neuritic arborization, and neuronal function as compared to pure fibrils. We indicated that synaptotoxicity was not elicited by non-aggregating sAβ42 peptides but was dependent on their conformation state; cortical neurons were far more vulnerable to Aβ42 oligomers than to fibrils. Aβ42 oligomers caused severe synaptic loss, neurite arborization retraction, and hyperactivity, as well as changes in two critical features of the extracellular waveform in cortical neurons. We further found that MΦBM effectively protect against synaptic loss and neurite retraction caused by Aβ42 fibrils yet provide insufficient protection against oligomers. Importantly, MΦ activation with glatiramer acetate (GA, an FDA-approved drug) fully protected neurons from detrimental effects triggered by both oligomers and fibrils. We identified distinct MΦ-mediated mechanisms for clearance of oligomers as compared to fibrils leading to synaptic protection. While eradication of Aβ42 oligomers predominately involves increased extracellular/MMP-9 degradation, fibrils are primarily eliminated via CD36/EEA1+-endosomal intracellular proteolysis. Strikingly, both pathways are boosted in MΦ stimulated with GA. Finally, our in vivo studies corroborated the in vitro findings, demonstrating that loss of cortical and hippocampal excitatory synapses in transgenic mouse models of AD is reversed by increased cerebral recruitment of Mo-derived MΦ, achieved via GA immunomodulation or peripheral-blood enrichment of BM-derived monocytes. Overall, these findings should guide future therapeutic interventions for AD to boost MΦ-mediated clearance of synaptotoxic Aβ42 oligomers and preserve synapses and cognition.

Our data in mouse primary cortical neurons provide evidence to support the notion that Aβ42 oligomers pose a greater threat to the neuronal network than do fibrils. These results align with previous studies reporting that Aβ42 oligomers impair neuronal plasticity and activation of excitatory mGluR hippocampal neurons, as well as exhibit direct synaptotoxic effects leading to cognitive impairments (8, 13, 15, 23–29, 96). As compared to postsynaptic terminals, presynaptic terminals displayed greater vulnerability to Aβ42 assemblies in both in vivo and in vitro models. We found that compared to fibrils, stabilized Aβ42 oligomers caused greater synaptic loss and neuritic retraction along with hyperactivity and altered action potential shape in primary cortical neurons. Due to the massive reduction in synapses (~70%) observed in response to Aβ42 oligomers as early as 12 h after incubation, a corresponding reduction in neuronal activity was anticipated. To the contrary, however, we found elevated levels of spontaneous activity after incubation with oligomers. These observations are in accordance with previous studies in murine models of AD that showed increased neuronal excitability near Aβ plaques or in Aβ-depositing mouse brains, using Ca2+ imaging and in vivo intracellular recording (97, 98). Combined with the modified action potential shape we documented, this suggests that oligomeric Aβ42 directly affects the biophysical (intrinsic) properties of neurons, possibly via altered ion channel densities, in addition to its effects on synapses. Because oligomeric Aβ42 species are highly metastable and exist in dynamically changing mixtures, the conclusions of previous reports on Aβ42 oligomers may have been confounded by the existence of heterogeneous Aβ populations. By using defined and stabilized Aβ42 oligomers, this study establishes the precise neuropathological consequences caused by oligomers vs. fibrils and supports therapeutic avenues that clear cerebral Aβ42 oligomers to prevent such neuronal and synaptic damage.

One powerful method to clear Aβ42 oligomers and protect synapses was revealed in this study. Cortical neurons that were severely impaired by Aβ42 oligomers showed partial recovery of pre- and postsynaptic density and neurite arborization when co-cultured with MΦBM, and full recovery with GA-MΦ. While naïve MΦ were able to effectively protect against synaptic and neurite length loss caused by the fibrils, they exhibited poor capacity to prevent oligomeric-induced synaptotoxicity. Yet, GA-MΦ successfully eliminated both fibrils and oligomers, essentially protecting neuronal network integrity despite these adverse conditions. Postsynaptic terminals, which were less vulnerable to Aβ42 species, were fully rescued by the presence of GA-MΦ. However, it would be interesting to look at the alteration of inhibitory gephyrin immunosignal expression following the administration of GA or GA-MΦ. We discovered that the EEA1+-early endosomal/lysosomal pathway was far more involved in the MΦ-mediated engulfment of fibrils than of oligomers. In contrast, reduction of Aβ42 in the extracellular space of MΦ was substantially more efficient for oligomers than for fibrils, potentially through enhanced release and activity of proteolytic enzymes (i.e., MMP-9). These in vitro data corroborate our in vivo studies in ADtg mice that demonstrated enhanced MMP-9 expression by infiltrating macrophages surrounding cerebral Aβ plaques in GA-immunized animals (63, 70). Notably, GA enhanced both internalization and extracellular pathways in MΦ to break down synaptotoxic Aβ42 forms. Recent studies indicated that depleting microglia with colony-stimulating factor 1 receptor (CSF1R) signaling inhibitors could impair formation of the plaques in an AD model (99, 100). Microglial depletion was further found not only to lead to a complete rescue of deficits in proliferation, differentiation and survival of adult hippocampal neural progenitor cells (101), but also significantly reduce ApoE, which is a major constituent of amyloid plaques and promotes their aggregation and deposition (102). It would be interesting to look at changes of synapses, Aβ deposition and cognition when microglial depletion plus GA immunotherapy is applied to this ADtg model. Additional studies are needed to further establish direct structure-function connection between these and other Aβ42 forms (e.g., dimers, trimers, etc.), synaptotoxicity, and macrophage-mediated synaptic protection. A limitation of this study is that it does not allow for conclusions regarding potential rescue of neuronal function by macrophages due to lack of electrophysiological studies in macrophages and neurons co-cultures. Yet, since this study clearly demonstrates neuroprotection by morphological (neurite length) and synaptic biomarker measurements, future studies should evaluate whether these are accompanied with functional protection.

In this study, we demonstrated that progressive cortical and hippocampal pre- and postsynaptic loss tightly correlated with increased cerebral Aβ burden in the double-transgenic APPSWE/PS1ΔE9 murine model. The direct association between pre- and postsynaptic biomarkers and cognitive scores further emphasizes a potential link between Aβ42, synaptotoxicity, and cognitive decline. Moreover, the unexpected strong association between synaptic density and GFAP+ astrogliosis suggested that beyond direct Aβ toxicity, chronically reactive astrocytes not only fail to protect synapses, but also detrimentally impair them and lead to cognitive decline. Future investigations are warranted to better understand the impact of astrocytes and their phenotype on synaptic and cognitive decline in AD.

Here, we showed that both immunotherapies—GA immunization or blood-enrichment with CD115+ monocytes—restored presynaptic and fully rescued postsynaptic density in ADtg mice exhibiting significant synaptic loss. In our previous studies, these immunomodulation approaches have led to increased cerebral infiltration of monocyte-derived macrophages directly involved in Aβ clearance, leading to improved hippocampal-based memory and learning (52, 63). In this study, cognitive function, which directly correlated with synaptic integrity, also strongly associated with cerebral recruitment of (GFP+) Iba1+/CD45high monocytes and macrophages. These data suggest that MΦ activity in the brain associated with decreased synaptotoxic Aβ levels can enhance synaptic protection and regeneration. One interesting question would be what happens if microglia as residential macrophages are treated with GA. Immunophenotypes of microglia expressed differently in dementia with AD pathology. For example, Iba1 was negatively associated with AD while levels of CD68, MSR-A, and CD64 expression were positively related to the presence of dementia (103). In a previous paper we determined a significant reduction of GFAP expression in the cortex of AD mice following GA or/and GA-MΦ immunotherapy (63), and found GFAP expression in this model was negatively associated with pre-synapse VGluT1. We now further demonstrated that the relationship of GFAP levels vs. post-synapse PSD95 in the cortex of AD mice exhibits the same behavior pattern as that of GFAP vs. VGluT1.

Cerebral clearance of Aβ by innate immune cells has been shown to take place via multiple mechanisms, including phagocytosis and enzymatic degradation (48, 49, 51, 54, 56, 57, 61, 104–106). Increasing evidence over the past decade has established the notion that peripheral MΦ contribute to the phagocytosis of cerebral Aβ plaque, an idea that is further supported by reports of defective Aβ phagocytosis by MΦ isolated from AD patients (52, 53, 58, 60, 63, 104, 107). Several studies corroborating this idea have shown the involvement of scavenger receptors such as CD36 and SCARA-1 in facilitating fibrillar Aβ engulfment by innate immune cells. Rare variants in the TREM2 gene were also associated with diminished MΦ phagocytosis and increased risk for AD (108–110). Indeed, parallel to the aforementioned investigations, this study's findings indicated elevated levels of surface scavenger receptors (e.g., CD36) in response to not only fibrillar but also oligomeric Aβ42, with increased uptake by GA-MΦ. Importantly, the role of MΦ and, moreover, GA-activated MΦ in the clearance of non-fibrillar oligomeric Aβ forms has not been previously studied (111, 112). Enhanced colocalization of oligomers and fibrils in EEA1+-vesicles in GA-MΦ imply that these Aβ assemblies are redirected to lysosomal degradation rather than for perinuclear or endoplasmic reticulum pathologic accumulation (113). Therefore, this FDA-approved drug emerges again as a promising modality to safely stimulate phagocytic MΦ and improve ability to resist synaptotoxic Aβ forms associated with AD.

In the absence of Aβ, cortical neurons supplemented with GA-MΦ exhibited elevated levels of synaptic density and neuritic length that were higher than that of the baseline levels detected in cortical neurons alone. These results suggest that increased synaptic density in the presence of GA-MΦ is a result of both Aβ42 clearance and upregulation of neurotrophic factors stimulating synaptogenesis, such as insulin-like growth factor 1 (IGF-1), transforming growth factor beta 1 (TGFβ1), and/or OPN/SPP1 (50, 66, 70). In our previous study, we observed that OPN/SPP1 was markedly elevated in MΦ following GA treatment in vitro and in vivo (70). Here, a strong correlation (Pearson's r = 0.7) was found between cerebral OPN/SPP1 levels and postsynaptic density, which can explain increased synaptogenesis in the presence of MΦBM overexpressing OPN in the brains of immunized ADtg mice (70). In support of these findings, we reported that harnessing monocyte-derived macrophages by GA- or MOG-45D-immunization in ADtg mice enhanced cerebral expression of neurotrophic factors such as IGF-1, TGFβ1, and nuclear transcription factor early growth response 1 (Egr-1) (50, 58, 66), concomitant with recovered hippocampal neurogenesis. Hence, this immunomodulation approach holds great promise to positively affect neural regeneration as well as synaptic and cognitive preservation through combined MΦ activity of eradicating pathogenic Aβ42 forms and increasing neurotrophic support.

In conclusion, therapeutic approaches designed to prevent synaptotoxicity or even rescue synapses are becoming more prominent. Our extended data from both in vitro and in vivo studies may signify that GA-stimulated macrophages confer a potential synaptoprotective phenotype, at least in part through augmented capacity to eliminate highly toxic Aβ42 oligomers and induce synaptic preservation and regeneration. Hence, this study encourages the development of a macrophage-based approach as therapeutic intervention for AD.
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To understand the roles of human gut bacteria in the occurrence of neuropsychiatric disorders, we isolated inflammatory Escherichia coli K1 and anti-inflammatory Lactobacillus mucosae from healthy human feces and examined their effects on the occurrence of altered microbiota, cognitive decline, and depression in mice. Oral gavage of Escherichia coli K1 caused colitis, cognitive decline, and depression in mice in the elevated plus maze, tail suspension, and forced swimming tasks. However, NK41 treatment reduced K1-induced cognitive decline and anxiety/depression. Furthermore, NK41 treatment increased K1-suppressed brain-derived neurotrophic factor (BDNF) expression and BDNF+/NeuN+ cell population and suppressed K1-induced NF-κB activation and LPS+/Iba1+ and NF-κB+/Iba1+ (microglial) cell populations in the hippocampus. NK41 treatment also suppressed K1-induced TNF-α and LPS levels in the blood and TNF-α expression, myeloperoxidase activity, NF-κB+/CD11c+ and CD11b+/CD11c+ cell populations in the colon. Furthermore, NK41 treatment decreased K1-induced colonic MUC2 expression, gut Proteobacteria population, and fecal LPS levels and modified the bacterial abundance related to polysaccharide breaking and biosynthesis. In conclusion, the overgrowth of inflammatory bacteria such as Escherichia coli in the gastrointestinal tract can cause neuropsychiatric disorders with gut microbiota alteration and the superiority of anti-inflammatory bacteria such as Lactobacillus mucosae can alleviate neuropsychiatric disorders with the attenuation of altered microbiota.

Keywords: neuropsychiatric disorder, inflammation, gut bacteria, brain, colon


INTRODUCTION

Bidirectional networks between the brain and gut microbiota are maintained through the hypothalamus-pituitary-adrenal (HPA) axis and microbiota-gut-brain (MGB) axis (1, 2). Exposure to external stressors, such as immobilization, stimulates the brain to secrete hormones such as corticotrophin-releasing factor, via the HPA axis, which stimulate the gut immune system and modify microbiota composition and their byproduct production (3–5). The overexpression of gut microbiota byproducts such as endotoxins disturbs gastrointestinal immune responses, which can cause the secretion of neurotransmitters such as serotonin and catecholamines to fluctuate; this results in the occurrence of systemic inflammatory diseases such as ulcerative colitis, obesity, and depression (6–9). Oral administration of the commensal bacteria Escherichia coli, which is excessively proliferated by 2,4,6-trinitrobenzenesulfonic acid (TNBS) or immobilization stress, and peritoneal injection of its lipopolysaccharide (LPS) cause colitis, hippocampal inflammation, cognitive decline, and anxiety in mice via altered microbiota (10, 11). LPS released from Bacteroides fragilis, which is abundant in the gut, have been suggested to cause Alzheimer's disease (AD) (12). A single peritoneal injection of LPS activates hippocampal astrocytes through interaction between the cells of the brain-immune interface and cytokine signals and its repeated injection activates microglia (13, 14). The peritoneal injection of LPS also suppresses brain-derived neurotrophic factor (BDNF) and cAMP response element binding protein (CREB) expression by activating the NF-κB signaling pathway (13, 15). These results suggest that altered microbiota-induced endotoxemia may cause cognitive decline and anxiety by inducing neuroinflammation in the brain.

The gut microbiota of healthy humans and animals consist of >1011 bacteria per gram of gut contents (16, 17). They produce toxic compounds such as LPS and peptidoglycan (PG). LPS and PG are detected by macrophages, dendritic cells, and endothelial cells that are involved in the innate immune system and then activate the biosynthesis of inflammation mediators such as tumor necrosis factor (TNF)-α and interleukin (IL)-6, resulting in the inflammation (18–20). Excessive, chronic exposure to LPS in gut microbiota may cause systemic disorders via gut inflammation, such as cognitive decline and depression. However, the suppression of gut microbiota LPS production by the probiotic Lactobacillus plantarum C29 alleviates LPS- or TNBS-induced colitis and cognitive decline in mice (21, 22). Gut microbiota LPS production-inhibitory Lactobacillus brevis OW38 also increased cognitive function in aged mice (23). Oral administration of E. coli, which produces a large amount of LPS, significantly increases blood LPS levels in mice while treatment with Lactobacillus johnsonii significantly suppresses E. coli-induced cognitive decline and depression (10, 11). These results suggest that regulating the balance between anti-inflammatory and inflammatory gut bacteria may be essential for the treatment of neuropsychiatric disorders.

Therefore, we isolated inflammatory E. coli K1 and anti-inflammatory Lactobacillus mucosae (formerly Lactobacillus reuteri) NK41 from healthy human gut microbiota and examined whether K1 could cause altered microbiota, colitis, cognitive decline, and depression in mice and whether NK41 reduced K1-induced altered microbiota, cognitive decline, and depression in mice.



RESULTS


Effects of Escherichia coli K1 and Lactobacillus mucosae NK41 on the NF-κB Activation in Macrophages

To understand how gut bacteria to regulate the occurrence of psychiatric disorders, we isolated gut bacteria and measured inflammatory and anti-inflammatory bacteria from human stools (Figure 1). Of these bacteria, K1 potently induced tumor necrosis factor (TNF)-α expression and NF-κB activation in macrophages, like LPS, while NK41 did not affect them. NK41 potently suppressed LPS- or K1-induced TNF-α expression and NF-κB activation in activated macrophage. Furthermore, NK41 potently hindered LPS-induced TNF-α expression in BV-2 cells (Figure S1). K1 and NK41 were identified as E. coli and L. mucosae based on the results of Gram staining, API 50 CHL Kit (bioMerieux, Seoul, South Korea), and 16S rDNA sequencing (ABI 3730XL DNA analysis), respectively.


[image: Figure 1]
FIGURE 1. Effects of gut bacteria K1 and NK41 on the TNF-α expression and NF-κB activation in macrophages. (A) Effects of NK41 and K1 on TNF-α expression and NF-κB activation in macrophages. (B) Effects of NK41 on TNF-α expression and NF-κB activation in LPS-stimulated macrophages. (C) Effect of K1 on TNF-α expression and NF-κB activation in LPS-stimulated macrophages. (D) Effect of NK41 on NF-κB activation in K1-stimulated macrophages. Macrophage cells (1 × 106/mL) were incubated with K1 or NK41 (1 × 103 or 1 × 105 CFU/mL) in the absence or presence of LPS for 2 h (for NF-κB) or 20 h (for TNF-α). p-p65 and p65 (NF-κB) were measured by immunoblotting. TNF-α was measured by ELISA kit. Data values are indicated as mean ± SD (n = 4). #p < 0.05 vs. Con group treated with Vehicle alone. *p < 0.05 vs. group treated with K1 and LPS alone.




Effects of Escherichia coli K1 and Lactobacillus mucosae NK41 on the Occurrence of Cognitive Decline and Depression in Mice

To understand whether inflammatory and anti-inflammatory gut bacteria were associated with the occurrence of psychiatric disorders, we examined the effects of K1 and NK41 on the occurrence of psychiatric disorders cognitive decline and depression in mice in the Y-maze, elevated plus maze (EPM), forced swimming (FS), tail suspension (TS), and Banes maze tasks (Figure 2). K1 at doses of 1 × 108 and 1 × 109 colony-forming unit (CFU)/mouse/day showed significant depressive behaviors in EPM and FS tasks (Figures 2B,C). Memory impairment-like behaviors were observed after treatment with K1 at a dose of 1 × 109 CFU/mouse/day in the Y-maze task (Figure 2D). K1 at a dose of 1 × 109 CFU/mouse/day also increased the infiltration of Iba1+ cells into the hippocampus. Furthermore, K1 caused NF-κB activation in the hippocampus, while the BDNF expression and CREB phosphorylation were suppressed (Figures 2E,F and Figures S2A,B, S3). However, NK41 treatment did not affect the cognitive decline in the Y-maze and Banes maze tasks and depressive behaviors in the FS task, even at a dose of 1 × 109 CFU/mouse/day (Figures 2G–I). NK41 at a dose of 1 × 109 CFU/mouse/day did not affect Iba1+ cell population, NF-κB activation, and BDNF expression in the hippocampus (Figures 2J,K and Figures S2C,D, S3).
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FIGURE 2. Effects of K1 and NK41 on the occurrence of neuropsychiatric disorders in mice. (A) Experimental protocol. (B) Effect of K1 on the time spent in open arms (OT) in EPM task. (C) Effect of K1 on the immobility in the forced swimming task. (D) Effect of K1 on memory impairment in Y-maze task. (E) Effect of K1 on the infiltration of Iba1+ cells into the hippocampus. (F) Effect of K1 on BDNF expression, CREB phosphorylation, and NF-κB activation in the hippocampus. (G) Effect of NK41 on the depression in EPM task. Effect of NK41 on the cogntive decline in the Y-maze (H) and Banes maze tasks (I). (J) Effect of NK41 on the infiltration of Iba1+ cells into the hippocampus. (K) Effect of NK41 on BDNF expression, CREB phosphorylation, and NF-κB activation in the hippocampus. Mice were exposed to K1 or NK41 (C, vehicle [1% maltose]; K7, 1 × 107 CFU/mouse/day of K1; K8, 1 × 108 CFU/mouse/day of K1; K9, 1 × 109 CFU/mouse/day of K1; NK8, 1 × 108 CFU/mouse/day of NK41; or NK9, 1 × 109 CFU/mouse/day of NK41) daily for 5 days and thereafter treated with vehicle for 5 days. Normal control group (Con), not exposed to gut bacteria, was treated with 1% maltose instead of gut bacteria. Data values were indicated as mean ± SD (n = 7). *p < 0.05 vs. Con group.




Lactobacillus mucosae NK41 Alleviated Escherichia coli K1-Induced Altered Microbiota in Mice

To understand whether K1 and NK41 could shift gut microbiota composition, we examined their effects on the gut microbiota composition in mice (Figures 3A–C). The estimated operational taxonomic unit (OTU) richness and Shannon's diversity index were decreased in mice treated with K1 or NK41 compared to those in control mice. To match the length and position of fecal bacterial 16S rRNA gene sequences, we performed principal coordinate analysis. The bacterial community of control mouse feces was different from that of mouse ones treated with K1 or NK41. NK41 treatment similarly shifted K1-treated mouse gut microbiota to control mouse ones. At the phylum level, Proteobacteria and Actinobacteria populations showed a higher abundance in the K1-treated group compared to those in the control mouse ones, while the Bacteroidetes and Verrucomicrobioa populations showed a lower abundance. The Proteobacteria population showed a lower abundance and the Verrucomicrobia population showed a higher abundance in the NK41-treated group. Desulfovibrionaceae, Coriobacteriaceae, and Lactobacillaceae populations showed a higher abundance in the K1-treated group, while the Bacteroidaceae, AC160630_f, Helicobacteriaceae, Odoribacteriaceae, Prevotellaceae, and Rikenellaceae populations showed a lower abundance. Akkermansiaceae, Bacteroidaceae, and Lactobacillaceae populations showed a higher abundance in the NK1-treated group, while the Hellicobacteriaceae, Lachnospiraceae, Odoribacteriace, Prevotellaceae, and Rikenellaceae, Runinococcaceae populations showed a lower abundance (Table S1). At the genus level, Desulfovibrio, PAC001512_g, HM123997_g, Akkermansia, and PAC001472_g populations showed a higher abundance in the K1-treated group, while the PAC001074_g, PAC001692_g, and Oscillibacter populations showed a lower abundance. PAC001485_g, PAC000198_g, Akkermansia, and PAC001472_g populations showed a higher abundance in the NK1-treated group, while the Alistipes, PAC001692_g, Oscillibacter, Muribaculum, and PAC001112_g populations showed a lower abundance (Table S2). Furthermore, NK41 treatment shifted K1-induced gut microbiota composition to those in the control mouse one: the Proteobacteria and Bacteroidetes populations showed a lower abundance, while the Verrucomicrobia population showed a higher abundance in the K1-treated group. Linear discriminant analysis (LDA) effect size (LefSe) analysis was also performed to confirm the different effects of K1 and NK41 on gut microbiota (Figure 3D and Figures S4, S5). K1-treated mice had a higher abundance of Coridobacteriaceae, Bacillaceae, Gemella_f, and Clostridiaceae populations, while NK41 treatment resulted in a higher abundance of Bacteroidaceae, Lactobacillaceae, Eubacteriaceae, and Acholeplasmataceae populations in control mice and Staphylococcaceae, Carnobacteriaceae, and Gammaproteobacteria populations in K1-treated mice. When the fecal E. coli and L. mucosae were analyzed in the mouse feces treated with K1 and/or NK41 by using qPCR, K1 treatment significantly increased the E. coli population and decreased the L. mucosae population (Figure 3E). However, NK41 treatment significantly decreased K1-induced E. coli population. Furthermore, NK41 treatment suppressed K1-induced LPS production (Figure 3F).
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FIGURE 3. NK41 suppressed K1-induced altered microbiota in the feces mice. Effects on the composition of gut microbiota, analyzed by the pyrosequencing: phylum (A), principal coordinate analysis (PCoA) plot based on weighted pairwise Fast UniFrac analysis (B), and OTUs and Shannon (C). (D) Cladogram generated by LEfSE indicating significant differences in gut microbial (family) abundances among Con (blue), NK (purple), K (red), and KN (green) groups. Yellow nodes represent species with no significant difference. The threshold logarithmic score set at 2.0 in the family level and ranked. (E) Effects on fecal Escherichia coli and Lactobacillus mucosae, assessed by qPCR. (F) Effects on the fecal LPS level. LPS levels were assayed by ELISA kits. (G) The abundance of bacterial genes predicted using the method of PICRUSt. The difference was analyzed using the Kruskal-Wallis H test. (H) Effects on the MUC1 and MUC2 expression in the colon. (I) Histological examination of colons, stained with alcian blue. NK and K groups were exposed to Lactobacillus mucosae NK41 (1 × 109 CFU/mouse/day of NK41) and Escherichia coli K1 (1 × 109 CFU/mouse/day) daily for 5 days, respectively, and thereafter treated with vehicle (1% maltose) daily for 5 days. KN group was exposed to Escherichia coli K1 (1 × 109 CFU/mouse/day) daily for 5 days and thereafter treated with Lactobacillus mucosae NK41 (1 × 109 CFU/mouse/day of NK41) daily for 5 days. Con group was treated with vehicle instead of gut bacteria. Data values were indicated as mean ± SD (n = 5). #p < 0.05 vs. Con group. *p < 0.05 vs. K group.


Oral administration of NK41 and/or K1 modified the gut bacterial gene abundance related to the catabolism and anabolism of polysaccharides and fatty acids in the gut microbiota (Figure 3G). K1 treatment suppressed the abundance of gut bacterial genes related to 4-α-glucanotransferase, α-fucosidase 2, glucuronyl transferase, glycogen phosphorylase, UDP-2,3-diacylglucosamine hydrolase, and heparinheparan sulfate lyase while that related to β-glucosidase and pectin lyase was increased. However, NK41 treatment increased the K1-suppressed the abundance of gut bacterial genes related to 4-α-glucanotransferase, α-fucosidase, β-glucosidase, glycogen phosphorylase, and UDP-2,3-diacylglucosamine acyltransferase, while the β-glucosidase, pectin lyase, and urea cycle-related gut bacterial gene abundance was suppressed.

To understand whether NK41 and K1 could affect the biosynthesis of mucins such as MUC1 and MUC2 in the intestine, we examined their effects on the mucin expression in the colon (Figure 3H). K1 treatment significantly induced the expression of MUC2, not MUC1, while NK41 treatment did not affect the expression of MUC1 and MUC2. Furthermore, NK41 treatment significantly suppressed MUC1 and MUC2 expression. When the colon of mice was stained with alcian blue, the colon of K1-treated mice was strongly stained, manifested by disrupted and shortened epithelia (Figure 3I).



Lactobacillus mucosae NK41 Alleviated Escherichia coli K1-Induced Colitis in Mice

Oral gavage of K1 treatment caused colitis in mice (Figure 4). Thus, K1 treatment caused colon shortening and induced myeloperoxidase activity, IL-6 and TNF-α expression, and NF-κB activation in the colon (Figures 4A–E). Furthermore, K1 treatment increased the infiltration of NF-κB+/CD11b+ and CD11b+/CD11c+ cells (activated dendritic cells [DCs] and macrophages) into the colon (Figures 4F,G). NK41 treatment significantly reduced K1-induced colon shortening, macroscopic score, myeloperoxidase activity, IL-6, TNF-α, and MUC2 expression, NF-κB activation, and infiltration of CD11b+ and/or CD11c+ cells, while MUC1 was affected. NK41 treatment also increased the K1-suppressed claudin-1 and occludin expression (Figure 4E). Furthermore, NK41 alleviated K1-induced mucin layer damage in the colon.
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FIGURE 4. NK41 signiticantly suppressed K1-induced gut inflammation in mice. Effects on colon length (A), myeloperoxidase (MPO) activity (B), and TNF-α (C) and IL-6 (D) expression in the colon. (E) Effects on occludin and claudin-1 expression and NF-kB activation (E) in the colon. Effects on CD11b+/CD11c+ (F) and NF-κB+/CD11c+ cell populations (G) in the colon. NK and K groups were exposed to Lactobacillus mucosae NK41 (1 × 109 CFU/mouse/day of NK41) and Escherichia coli K1 (1 × 109 CFU/mouse/day) daily for 5 days, respectively, and thereafter treated with vehicle (1% maltose) daily for 5 days. KN group was exposed to Escherichia coli K1 (1 × 109 CFU/mouse/day) daily for 5 days and thereafter treated with Lactobacillus mucosae NK41 (1 × 109 CFU/mouse/day of NK41) daily for 5 days. Con group was treated with vehicle instead of gut bacteria. Colonic p65, p-p65, and β-actin were analyzed by immunoblotting. TNF-α and IL-6 levels were assayed by ELISA kits. NF-κB+, CD11b+, and CD11c+ cells were measured using a confocal microscope. Arrows indicate postive cells. Data values were indicated as mean ± SD (n = 7). #p < 0.05 vs. Con group. *p < 0.05 vs. K group.




Lactobacillus mucosae NK41 Suppressed Escherichia coli K1-Induced Cognitive Decline and Depression in Mice

Next, we examined whether NK41 could regulate the occurrence of K1-induced psychiatric disorders in mice (Figure 5). Oral gavage of K1 caused cognitive decline in mice: its treatment significantly decreased spontaneous alteration in the Y-maze task, the interaction time in NOR task, and latency time in the Barnes maze task (Figures 5B–D). However, NK41 treatment significantly reduced K1-induced cognitive decline in Y-maze, novel object recognition (NOR) maze, and Barnes maze tasks to 98.1, 98.3, and 98.9% for the control mice, respectively. Oral gavage of K1 also caused anxiety/depression: its treatment increased immobility in the FS task to 186.1% for the control mice (Figure 5E). Furthermore, K1 treatment significantly decreased the time spent in open arms and light compartment during the EPM and light/dark transition (LDT) tasks, respectively (Figures 5F–I). However, oral administration of NK41 significantly reduced the time spent in open arms (OT) in the EPM and LDT tasks to 109.5 and 98.4% for the control mice, respectively, and immobility in the FS task to 94.6% for the control mice (Figure 5D).
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FIGURE 5. NK41 signiticantly suppressed K1-induced neuropsychiatric disorders in mice. (A) Experimental protocol. Effect on the cognition function in Y-maze (B), NOR (C), and Banes maze (D). Effect on the depressive behaviors in the forced swimming (E), EPM (F: OT, time spent in open arms; G: OE, open arm entries), and light-dark transition tasks (H: TL, time spent in the light dark compartment; I: NT, number of transitions into the light dark compartment). Effect on the infitration of NF-κB+/Iba1+ (J), LPS+/Iba1+ (K), and BDNF+/NeuN+ cells (L) into the hippocampus. Effects on IL-6 (M), TNF-α (N), and BDNF expression, CREB phosphorylation, and NF-κB activation (O). Effects on the LPS (P), IL-6 (Q), and TNF-α levels (R) in the blood. NK and K groups were exposed to Lactobacillus mucosae NK41 (1 × 109 CFU/mouse/day of NK41) and Escherichia coli K1 (1 × 109 CFU/mouse/day) daily for 5 days, respectively, and thereafter treated with vehicle (1% maltose) daily for 5 days. KN group was exposed to Escherichia coli K1 (1 × 109 CFU/mouse/day) daily for 5 days and thereafter treated with Lactobacillus mucosae NK41 (1 × 109 CFU/mouse/day of NK41) daily for 5 days. Con group was treated with vehicle instead of gut bacteria. TNF-α, IL-6, and LPS were assayed by ELISA. p65, p-p65, CREB, p-CREB, BDNF, and β-actin were analyzed by immunoblotting. Iba1+, NF-κB+, LPS+ and NeuN+ cells were measured using a confocal microscope). #p < 0.05 vs. Con group. *p < 0.05 vs. K group.


K1 treatment increased the infiltration of activated/phagocytic microglial (NF-κB+/Iba1+, LPS+/Iba1+) cells into the hippocampus while the BDNF+/NeuN+ cell population was reduced (Figures 5J–L). Furthermore, K1 treatment induced NF-κB activation in the hippocampus (Figure 5O). However, treatment with NK41 suppressed K1-induced activation of NF-κB and infiltration of activated microglial cells and induced the K1-suppressed BDNF+/NeuN+ cells population in the hippocampus. NK41 treatment also suppressed K1-induced LPS, IL-6, and TNF-α levels in the blood (Figures 5P–R).




DISCUSSION

Excessive exposure to stressors such as immobilization, high-fat diet, and pathogen infection disrupts the gut immune system and microbiota composition through the activation of the HPA and/or MGB axis, resulting in the occurrence of altered microbiota and neuropsychiatric disorders (24–26). Long-term feeding with a high-fat diet causes obesity, colitis, and psychiatric disorders including cognitive decline and anxiety in mice by increasing the gut Proteobacteria population (27). Intrarectal injection of TNBS causes colitis and cognitive decline by increasing the gut Proteobacteria population including E. coli and decreasing L. mucosae population (10). Exposure to immobilization stress causes colitis and anxiety/depression in mice by increasing Enterobacteriaceae including E. coli and decreasing the populations of L. johnsonii and L. plantarum (11). Furthermore, the oral gavage of E. coli causes colitis, cognitive decline, and depression in mice by increasing fecal and blood LPS levels (10, 11). However, treatment with L. mucosae, isolated from mice, significantly alleviated E. coli-induced cognitive decline in mice (10). Treatment with L. johnsonii, isolated from mouse feces, significantly mitigated E. coli-induced anxiety-like behaviors in mice (11). These results suggest that gut microbiota consist of a variety of bacteria including potential causative and protective bacteria regarding neuropsychiatric disorders. Nevertheless, what kinds of gut bacteria can cause and reduce cognitive decline and anxiety/depression remain unclear.

In the present study, we isolated inflammatory E. coli K1, which caused NF-κB activation in macrophages, and anti-inflammatory L. mucosae NK41, which hindered K1 lysate- or LPS-induced NF-κB activation in macrophages. K1 significantly induced TNF-α expression in macrophages, while NK41 suppressed TNF-α expression. Furthermore, oral gavage of K1 caused colitis and hippocampal inflammation via alteration of gut microbiota in mice, resulting in cognitive decline and depression/anxiety. Exposure to K1 caused anxiety/depression as well as gut microbiota alteration that had a higher abundance of Proteobacteria and Actinobacteria populations and a lower abundance of Bacteroidetes and Verrucomicrobioa populations, while these bacterial alterations and cognitive decline and anxiety/depression were alleviated by NK41 treatment. Treatment with NK41 showed a higher abundance of Lactobacillaceae and Eubacteriaceae, and Bacteroidaceae populations. These results suggest that the overgrowth of Proteobacteria including E. coli K1 in the intestine by exposure to endogenous and exogenous stressors may induce cognitive decline and anxiety/depression. Oral administration of NK41 showed a lower abundance of K1-induced Proteobacteria and Enterobacteriaceae populations and LPS production in the gut microbiota of mice. These results suggest that the induction of Lactobacillaceae and Bacteroidaceae growth including L. mucosae NK41 can alleviate gut microbiota-mediated cognitive decline and anxiety/depression. Furthermore, NK41 treatment significantly inhibited K1-induced colon shortening, colonic myeloperoxidase activity, and infiltration of DCs and macrophages into the colon. Furthermore, NK41 suppressed the K1-induced expression of TNF-α and IL-6 and activation of NF-κB in the colon and increased the expression of tight junction proteins claudin-1 and occludin. NK41 treatment lowered LPS levels in the feces and blood. Jang et al. reported that fecal transplantation of IS-treated mouse feces, oral gavage of the gram-negative E. coli contained in it, and peritoneal injection of its LPS caused colitis: they induced myeloperoxidase activity and suppressed tight junction protein expression in the colon (11). They also found that E. coli treatment increased the absorption of orally administered fluorescein isothiocyanate-labeled dextran into the blood of mice. These results suggest that E. coli K1 can induce the excessive LPS production in gut microbiota, which leads to gut inflammation, resulting in the elevation of blood LPS by increasing gut membrane permeability. We also found that NK41 restrained K1-induced blood TNF-α and IL-6 levels in mice. NK41 also reduced K1-induced activated/phagocytic microglial (Iba1+) cell populations in the hippocampus. Furthermore, NK41 suppressed K1-induced TNF-α, IL-6, and MUC2 expression and NF-κB activation in the colon and increased K1-suppressed BDNF expression and CREB phosphorylation in the hippocampus. Moreover, NK41 treatment simultaneously improved K1-induced cognitive decline and depression in mice.

IL-6, TNF-α, and corticosterone are highly expressed in patients with anxiety and depression (28, 29). Excessive IL-6 and corticostrone expression was increased by stressors such as immobilization and pathogen infection via the activation of the HPA axis. Treatment with therapeutic drugs for psychiatric disorders reduces blood IL-6 and corticosterone levels, increases BDNF expression, and alleviates neuropsychiatric disorders (10, 11, 30). Treatment with corticosterone suppresses BDNF expression in SH-SY5Y cells in vitro and in mice. BDNF induces de novo synthesis of proteins such as synaptophysin and drebrin, which are involved in neural and synaptic plasticity (31, 32). Additionally, systemic exposure to LPS activates microglia and increased expression of pro-inflammatory cytokines in the brain of mice (10, 11). We also found that oral gavage of E. coli in mice caused endotoxemia and hippocampal inflammation. Therefore, E. coli-induced endotoxemia may cause inflammation in the brain including the hippocampus. LPS causes systemic neuroinflammation, resulting in memory impairment by the modulation of NF-κB-mediated BDNF/CREB expression (15, 33). Therefore, regulating endotoxemia-mediated corticosterone and BDNF expression can be useful for the treatment of psychiatric disorders.

We also found that E. coli K1 treatment significantly increased the expression of MUC2, not MUC1, and mucin layer in the colon while the colonic epithelia were disrupted. K1 treatment also increased the gut bacterial gene abundance related to polysaccharide breaking and biosynthesis. MUC1 and MUC2 are increased in patients and mice with inflammation (34, 35). LPS from gram-negative Pseudomonas aeruginosa upregulates MUC2 transcription through activation of NF-κB (34). E. coli K1 treatment caused NF-κB activation in the gut and brain and increased blood LPS levels, as previously reported in mice treated with IS or LPS (10, 11). These results suggest that, although the biosynthesis of mucins such as MUC2 is accelerated, the overgrowth of E. coli can increase gut bacterial LPS production and cause colitis that the speed of mucosal repair does not be overcome. Gut bacteria-induced inflammation can cause systemic inflammation including hippocampal inflammation due to the increase of LPS in the blood via increased gut membrane permeability. L. mucosae NK41 restrained altered microbiota-induced bacterial LPS production, blood LPS levels, and hippocampal inflammation and brought about BDNF expression and CREB expression. Neuro-inflammation decreases the expression of BDNF in the mouse hippocampus, and reduced hippocampal BDNF is associated with memory and learning deficiencies (33, 36). BDNF is influenced by the gut microbiota (33). However, oral administration of L. plantarum and Bifidobacterium infantis reduced anxiety-like behavior by restoring noradrenaline levels and protecting gut microbiota alteration, respectively (37, 38). Bifidobacterium adolescentis IM38, a human gut bacterium, inhibited IS-induced anxiety by regulating the GABAA receptor (39). L. johnsonii, a commensal gut bacterium of mice, suppressed IS-induced anxiety in mice by hindering gut microbiota LPS production (11). Bifidobacterium breve strain A1 prevents cognitive impairment in Alzheimer's disease (40). L. plantarum C29 improved cognitive function in mice and patient with mild cognitive decline by regulating NF-κB activation and inducing BDNF expression (22, 41). L. plantarum 299v improves cognitive functions in patients with major depression by decreasing kynurenine concentration (42). Lactobacillus rhamnosus (JB-1) regulates emotional behavior by the induction of GABA(Aα2) expression in the hippocampus (43). Moreover, the induction of altered microbiota by stressors such as antibiotics caused cognitive function via the MGB axis (2, 11). These results suggest that NK41 can reduce cognitive decline and depression by suppressing gastrointestinal and hippocampal inflammation via the regulation of altered microbiota and bacterial LPS production. Furthermore, the regulation of K1 and NK41 on the gut inflammation and altered microbiota should be closely associated with the occurrence of neuropsychiatric disorders. Nevertheless, further studies on the detailed memory impairment-ameliorating mechanism of NK41 and pathogenic mechanism of K1 are necessary.

In Conclusion, gut microbiota, which consist of inflammatory and anti-inflammatory bacteria in humans and animals, are bidirectionally connected to the brain: the overgrowth of inflammatory bacteria such as E. coli in the gastrointestinal tract can cause psychiatric disorders with gut inflammation and the superiority of anti-inflammatory bacteria such as L. mucosae can alleviate psychiatric disorders with the attenuation of altered microbiota (Figure 6).
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FIGURE 6. Interplay between Escherichia coli K1 and Lactobacillus mucosae NK41 on the occurrence of neuropsychotric disorders and altered microbiota.




METHODS


Culture of Escherichia coli K1 and Lactobacillus mucosae NK41

K1 and NK41 were selected from healthy human gut microbiota according to the method of Jang et al. (10). These bacteria were cultured in general media such as general anaerobic medium (GAM) and MRS (BD, Franklin Lakes, NJ). Cultured bacteria were collected by centrifugation (5,000 g, 20 min, 4°C) and washed with saline. The collected cells were suspended in saline (for in vitro experiments) or 1% maltose (for in vivo experiments).

To decide the dosage of these bacteria in the in vivo experiment, K1 at doses of 1 × 107, 1 × 108, and 1 × 109 CFU/mouse/day was orally gavaged for 5 days in mice and depression-like behaviors were measured in the EPM task, as the previously reported (44). NK41 at doses of 1 × 108 and 1 × 109 CFU/mouse/day was orally gavaged for 5 days in K1-treated mice and behaviors were measured in the Y-maze and elevated plus maze (EPM) tasks, as previously reported (10).



Isolation and Culture of Peritoneal Macrophages

Macrophages were isolated from the peritoneal cavity of mice according to the method of Jang et al. (45). Collected cells were suspended in RPMI 1640 containing 10% FBS and 1% antibiotics (RFA), seeded in 6-well plate, incubated at 37°C for a day, and washed with RFA. Attached cells (1 × 106 cells/well) were used as macrophages. To measure anti-inflammatory effect of gut bacteria, macrophage was treated with LPS (100 ng/mL) in the absence or presence of gut bacteria (1 × 103 or 1 × 105 CFU/mL) for 90 min (for p65 and p-p65) or 20 h (for TNF-α).



Animals

Specific pathogen-free male C57BL/6J mice (19–21 g, 5 weeks-old) were purchased from Orient Inc. (Seoul, South Korea). All mice were housed in wire cages (3–4 mice per cage) at 20–22°C, 50 ± 10% humidity, and 12-h light/dark cycle (lights on from 07:30 to 19:30), fed standard laboratory chow and water ad libitum. Mice were used in the experiments after the acclimation for 1 week. All animal experiments were approved by The Committee for the Care and Use of Laboratory Animals in Kyung Hee University and performed in accordance with The Kyung Hee University Guidelines for Laboratory Animals Care and Usage (IACUC No. KHUASP(SE)-18089).

To examine the effects of K1 and NK41 on the occurrence and development of psychiatric disorders cognitive decline and anxiety/depression, mice were randomly divided into three groups (Control, EC, and NK groups). Each group consisted of seven mice. Mice (EC and NK groups) were orally gavaged with the K1 suspension (1 × 109 CFU, suspended in 100 μL of 1% maltose) once a day for 5 days according to the method of Jang et al. (10). The control group was treated with 1% maltose instead of the K1 suspension and NK41 (for the NK group, 1 × 109 CFU/mouse/day) or vehicle (for the control and EC groups) was orally administered once a day for 5 days from 24 h after treatment with K1 suspension. Behavioral tasks were performed 24 h after NK41 treatment. Mice were then anesthetized by CO2 asphyxiation, followed by blood draw for biochemical assays. The colon and hippocampus were removed. The specimens were stored at −80°C until use in an ELISA assay, immunoblotting, and enzyme activity assay.



Cognitive and Depressive Behavioral Tasks

To evaluate the anti-depressive effects of gut bacteria in mice, the EPM task was performed in the plus-maze apparatus (consisting of two open [30 × 7 cm] and two enclosed arms [30 × 7 cm] with 20-cm-high walls extending from a central platform [7 × 7 cm] on a single central support to a height of 60 cm above the floor) for 5 min according to the method of Jang et al. (44). The tail suspension (TS) task was measured according to the method of Dunn and Swiergiel (46). Mice were suspended on the edge of a table 30 cm above the floor by taping 1 cm from the tail tip. Immobility time was measured for 5 min. Mice were judged to be immobile, when they did not move and hanged passively. The forced swimming (FS) task was performed in a round transparent plastic jar (20 × 40 cm3) containing fresh water (25°C) to a height of 25 cm. Immobility time was measured during 5 min. Mice were judged to be immobile, when they remained floating in the water without struggling.

To evaluate the cognitive effects of gut bacteria in mice, first Y-maze was performed in a three-arm horizontal maze (40 cm long and 3 cm wide with 12-cm-high walls) (10). A mouse was initially placed within one arm and the sequence and number of arm entries were manually recorded for 8 min. A spontaneous (actual) alternation was defined as entries into all three arms on consecutive choices and was calculated as the ratio (%) of actual to possible alternations. A novel object recognition (NOR) task was performed in the apparatus consisting of a dark-open field box (45 × 45 × 50 cm) according to the method of Lee et al. (47). For the first trial, a mouse was placed in the box containing two identical objects and the frequency of touching each object was recorded for 10 min. In the second trial conducted 24 h after the first trial, a mouse was placed in the box containing one of the old objects used in the first trial and a new object. Novel object recognition was calculated as the ratio of the number of times touching the new object to the sum of the touching frequencies. The Barnes maze was performed in the apparatus consisting of a circular platform (89 cm in diameter) with 20 holes (5 cm in diameter) situated evenly around the perimeter and an escape box located under only one of the holes below the platform according to the method of Patil et al. (48). The training/acquisition phase finished after mouse entered the escape box or after a maximum test duration (5 min), following which mouse was allowed to stay in the box for 30 s and then moved to the cage. If mouse failed to find the escape box within 5 min, it was led to the escape box. Mice were given two trials per day for 5 consecutive days.



Assay of Myeloperoxidase Activity

Myeloperoxidase activity in colon was assayed, as previously described (10). Colon tissues were homogenized with cold RIPA lysis buffer and centrifuged at 10,000 g for 10 min (11). The supernatant was used as a crude enzyme solution. An aliquot of the supernatant was added in the reaction mixture containing 0.03% hydrogen peroxide and 1.6 mM tetramethylbenzidine and measured the absorbance at 650 nm time over 5 min. Activity was defined as the quantity degrading 1 μmol/mL of peroxide.



Enzyme-Linked Immunosorbent Assay (ELISA) and Immunoblotting

For the cytokine assay, the supernatant of the hippocampus and colon homogenate and plasma was transferred to 96-well ELISA plates according to the method of Jang et al. (11). TNF-α concentrations were determined using commercial ELISA kits (Ebioscience, Atlanta, GA). For the immunoblotting analysis, the supernatants of tissue homogenates were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to nitrocellulose, and immunoblotted using various primary antibodies (Cell Signaling Technology, Beverly, MA) (11). Band densities were analyzed using the automatic imaging analysis system, Quantity One (Bio-Rad, Hercules, CA).



Immunohistochemistry

Mice were trans-cardiacally perfused with 4% paraformaldehyde. Their brains and colons were post-fixed with 4% paraformaldehyde for 4 h, cytoprotected in 30% sucrose solution, freezed, cut using a cryostat (Leica, Nussloch, Germany), and immunostained according to the method of Jang et al. (11). Briefly, the sections were washed with phosphate buffered saline, blocked with normal serum, incubated with antibodies for Iba1 (1:200, Abcam), LPS (1:200, Millipore), NF-κB (1:100, Cell Signaling), CD11b (1:200, Abcam), CD11c (1:200, Abcam), and/or NeuN (1:200, Millipore) overnight, and treated with the secondary antibodies for 2 h. Secondary antibodies conjugated with with Alexa Fluor 488 (1:200, Invitrogen) or Alexa Fluor 594 (1:200, Invitrogen) were then treated to visualize. Nuclei were stained with 4′,6-diamidino-2-phenylindole, dilactate (DAPI, Sigma). Immunostained tissue slices were scanned with a confocal laser microscope.



Microbiota Sequencing

Genomic DNA was extracted from the fresh stools of five mice (not trans-cardiacally perfused with 4% paraformaldehyde for brain and colon tissue sections) using a commercial DNA isolation kit (QIAamp DNA stool mini kit), as previously reported (11, 47). Briefly, genomic DNA was extracted from the fresh stools of mice using a commercial DNA isolation kit (QIAamp DNA stool mini kit). Amplification of the genomic DNA was performed using barcoded primers, which targeted the V4 region of the bacterial 16S rRNA gene, described in Supplementary Material. Sequencing for each amplicon was performed using Illumina iSeq 100 (San Diego, CA). Predictive functional genes were analyzed using the phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) (49). Linear discriminant analysis (LDA) analysis and cladograms were developed on family level data using LDA effect size (LefSe) on Galaxy platform (https://huttenhower.sph.harvard.edu/galaxy/) (50). Pyrosequencing reads have been deposited in the NCBI's short read archive under accession number PRJNA507690.



Quantitative Real Time–Polymerase Chain Reaction (qPCR)

Real time PCRs for MUC1, MUC2, and GAPDH were performed on the Rotor-Gene Q® using DNA polymerase and SYBR Green I (a reaction volume, 20 μL), as previously reported (11). Primers for qPCR are described in Table S3. The normalized expression of each target gene, as for GAPDH, was calculated for all samples using Microsoft Excel.

qPCRs for E. coli, L. mucosae, and 16S rRNA were performed on the Rotor-Gene Q® using DNA polymerase and SYBR Green I (a reaction volume, 20 μL), as previously reported (11). Thermal cycling was performed at 95°C for 30 s by 42 cycles of denaturation at 95°C for 5 s and amplification 72°C for 30 s. Expression of genes were computed relatively to 16S rDNA, using Microsoft Excel. Primers for qPCR are described in Table S4. The normalized expression of each target gene, as for GAPDH, was calculated for all samples using Microsoft Excel.



LPS Assay

Blood and fecal endotoxin contents were determined using the diazo-coupled limulus amoebocyte lysate (LAL) assays (Cape Cod Inc., E. Falmouth, MA) according to the method of Kim et al. [(51), Supplementary Material].



Statistical Analysis

Experimental results are indicated as mean ± standard deviation (SD), and were statistically analyzed using one-way analysis of variance followed by a Duncan multiple range test (p < 0.05). Student's t-tests were used to compare two groups. All p-values are indicated in Table S5.
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Inflammation is considered a mechanistic driver of Alzheimer's disease, thought to increase tau phosphorylation, the first step to the formation of neurofibrillary tangles (NFTs). To further understand how inflammation impacts the development of tau pathology, we used (hTau) mice, which express all six, non-mutated, human tau isoforms, but with an altered ratio of tau isoforms favoring 3R tau due to the concomitant loss of murine tau (mTau) that is predominantly 4R. Such an imbalance pattern has been related to susceptibility to NFTs formation, but whether or not this also affects susceptibility to systemic inflammation and related changes in tau phosphorylation is not known. To reduce the predominance of 3R tau by increasing 4R tau availability, we bred hTau mice on a heterozygous mTau background and compared the impact of systemic inflammation induced by lipopolysaccharide (LPS) in hTau mice hetero- or homozygous mTau knockout. Three-month-old male wild-type (Wt), mTau+/−, mTau−/−, hTau/mTau+/−, and hTau/mTau−/− mice were administered 100, 250, or 330 μg/kg of LPS or its vehicle phosphate buffer saline (PBS) [intravenously (i.v.), n = 8–9/group]. Sickness behavior, reflected by behavioral suppression in the spontaneous alternation task, hippocampal tau phosphorylation, measured by western immunoblotting, and circulating cytokine levels were quantified 4 h after LPS administration. The persistence of the LPS effects (250 μg/kg) on these measures, and food burrowing behavior, was assessed at 24 h post-inoculation in Wt, mTau+/−, and hTau/mTau+/− mice (n = 9–10/group). In the absence of immune stimulation, increasing 4R tau levels in hTau/mTau+/− exacerbated pS202 and pS396/404 tau phosphorylation, without altering total tau levels or worsening early behavioral perturbations characteristic of hTau/mTau−/− mice. We also show for the first time that modulating 4R tau levels in hTau mice affects the response to systemic inflammation. Behavior was suppressed in all genotypes 4 h following LPS administration, but hTau/mTau+/− exhibited more severe sickness behavior at the 100 μg/kg dose and a milder behavioral and cytokine response than hTau/mTau−/− mice at the 330 μg/kg dose. All LPS doses decreased tau phosphorylation at both epitopes in hTau/mTau+/− mice, but pS202 levels were selectively reduced at the 100 μg/kg dose in hTau/mTau−/− mice. Behavioral suppression and decreased tau phosphorylation persisted at 24 h following LPS administration in hTau/mTau+/− mice.
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INTRODUCTION

Alzheimer's disease (AD), the most prevalent senile dementia, is characterized by the presence of amyloid beta (Aβ) plaques and neurofibrillary tangles (NFTs) caused by hyperphosphorylation and aggregation of the microtubule associated protein tau. Their progressive accumulation is associated with cognitive deterioration, brain atrophy, and neuroinflammation, but tau pathology correlates better with disease progression than Aβ deposition (1, 2). The adult human brain expresses six main tau isoforms, which can be categorized as 3R or 4R tau based on whether they contain three or four carboxy-terminal repeat domains (3). In the healthy brain, the 3R and 4R isoforms are found in equal amounts (4). However, alterations in the 4R:3R tau isoform ratio, often caused by mutations in the tau gene, trigger pathological tau aggregation and NFT formation (5). Resulting tauopathies are classified in three groups according to the predominant species of tau that accumulate: 4R tauopathies (e.g., progressive supranuclear palsy, corticobasal degeneration), 3R tauopathies (e.g., Pick's disease), and 3R+4R tauopathies (e.g., AD) (6, 7); but in AD, the trigger of tau pathology is not genetic. NFTs of AD patients express both isoforms, and a number of studies reported a 4R:3R ratio of ~1, comparable to control brains (4, 8–10), suggesting that tau aggregation in AD is not due to isoform imbalance. Nevertheless, changes in the 4R:3R tau isoform ratio in AD brains have also been reported with borderline to significant increases (11–15) or decreases (16, 17) compared to controls. Importantly, this ratio is subject to significant variability between AD samples. To clarify these discrepancies, more detailed analyses have looked at the differential accumulation of 3R and 4R tau in the human brain in relation to AD severity (17, 18), to the brain areas investigated (11, 13, 16), and to region-specific differences in susceptibility to NFT formation within the brain (16), as well as in the NFTs of AD patients where three distinct isoform patterns of tau coexist, containing either 3R tau, 4R tau or both. Shifts in patterns between neurons and brain regions were found to be associated with the stage of NFT pathology (19–22). Overall, these detailed studies suggest that the predominance of 3R tau over 4R tau increases with the progression of NFT pathology.

The causes of sporadic AD are far from being fully understood, but systemic inflammation is now seen as a key mechanistic driver of AD pathogenesis. Genes associated with immune cell function and susceptibility to inflammatory diseases (23, 24) as well as systemic inflammatory conditions such as rheumatoid arthritis, Type 2 diabetes, and obesity (25–27) increase the risk of developing AD. Circulating levels of systemic inflammatory mediators such as interleukin 1β (IL-1β) and tumor necrosis factor alpha (TNFα) were found chronically upregulated in AD (28). Post-mortem examinations of AD brains show a sustained activation of immune cells, particularly surrounding NFTs (29). Moreover, systemic infections accelerate the rate of cognitive decline in AD patients, even after the resolution of the initial inflammatory insult (30, 31). One potential mechanism mediating the impact of systemic inflammation on AD progression is through the exacerbation of tau pathology. Kinases involved in tau phosphorylation, such as cyclin-dependent kinase-5 and mitogen activated kinases, can be induced by inflammatory signaling cascades (32–34). A number of preclinical mouse studies using lipopolysaccharide (LPS) to mimic gram-negative bacterial infection reported exacerbation of tau pathology. For instance, a systemic LPS dose of 10 mg/kg was found to increase tau phosphorylation in wild-type (Wt) mice, whereas exacerbation of tau hyperphosphorylation was seen with 10 times less LPS (1 mg/kg) in hTau mice (35), a mouse line expressing exclusively the six human tau isoforms (36). At 0.5 mg/kg, LPS was also found to increase tau phosphorylation and aggregation in the 3xTg model, which expresses both tau and Aβ pathology (37, 38). Yet, these preclinical studies have used high LPS doses more relevant to sepsis than to the chronic low-grade inflammation associated with AD (39).

LPS is an endotoxin produced in the gut and a potent stimulator of the innate immune system. At low doses able to induce physiologically relevant inflammation, LPS does not enter the brain in the absence of blood–brain barrier dysfunction (40, 41). Recent reports indicate that circulating concentrations and brain penetration of LPS increase in AD patients, in which LPS co-localizes with Aβ plaques and neurons (42–44). This led to the hypothesis that endogenous LPS accumulation could play a critical role in the pathophysiology of sporadic AD (45). There is, therefore, a need to better understand the mechanisms whereby systemic LPS affects tau pathology. Here we focused on the impact on tau phosphorylation at the onset of systemic inflammation with a low dose of LPS, using the hTau model. This mouse line is thought to be the most relevant tau model for AD. It involves the expression of all six, non-mutated, human tau isoforms, but the altered ratio of tau isoforms favoring 3R tau due to the concomitant loss of murine tau (mTau) that is predominantly 4R is thought to underlie pathological changes in this model (36). In favor of this hypothesis, restoring tau isoform imbalance to a 4R:3R ratio of ~1 by increasing 4R tau levels was found to alleviate tau pathology and cognitive deficits in these mice (46). On the other hand, increasing 4R tau and decreasing 3R tau expression without altering total tau levels was found to worsen tau pathology and associated behavioral deficits in hTau mice (47). And although removal of mTau was found necessary for the tau pathology to occur in hTau mice (36), we have shown previously that heterozygous deletion of mTau is sufficient for robust behavioral deficits and tau phosphorylation to occur in this model (48). While these data show that direct modulation of the 4R:3R ratio in the brain of hTau mice alters tau pathology, whether or not this also affects susceptibility to systemic inflammation and LPS-induced changes in tau phosphorylation is currently not known.

To address this question, we bred hTau mice on a heterozygous mTau background (hTau/mTau+/−) to reduce the predominance of 3R tau by increasing availability of 4R tau. We predicted that this would alleviate behavioral and pathological changes in hTau mice and protect them against exacerbation of tau pathology after mild systemic inflammation with LPS. Here, we first report that increased 4R tau levels in hTau/mTau+/− mice exacerbate tau hyperphosphorylation compared to hTau mice on a full mTau knockout background (hTau/mTau−/−). Since systemic inflammation is expected to be an early event in the pathogenesis of AD, we used 3-month-old mice, corresponding to the onset of behavioral changes in these models (48, 49). We also report that increasing 4R tau availability was associated with a rapid reduction in tau phosphorylation in the hippocampus, seen 4 h after inoculation with low doses of LPS, and persisting for at least 24 h.



METHODS


Animals

Breeding stock of hTau mice on a C57/BL6J background and their mTau−/− control [STOCK Mapttm1(EGFP)Klt Tg(MAPT)8cPdav/J] were originally purchased from The Jackson Laboratory (Bar Harbor, ME, USA, stock #005491). They were then crossed with Wt C57/BL6J mice to produce mTau+/− and hTau/mTau+/− breeders in the University of Nottingham Biomedical Service Unit. This enabled the production of all experimental animals from five genotypes as littermates: Wt, mTau+/−, mTau−/−, hTau/mTau+/−, and hTau/mTau−/−. Previous studies investigating the impact of modulation of the 4R:3R tau isoform ratio on tau pathology have used either males (46) or both males and females but without testing for sex differences (47), although sex differences in disease progression have been reported in hTau mice (50). As we did not have an a priori hypothesis on sex differences in the impact of 4R tau availability on immune responses, we only used male mice for this study. They were maintained under standard husbandry conditions on a 12/12 h light cycle, with lights on at 07:00 h and room temperature, relative humidity, and air exchange automatically controlled. Mice were kept grouped housed in individually ventilated cages (IVCs) with ad libitum access to food and water, and provided with a play tube and nesting material. All animal procedures were carried out in accordance with the UK Animals Scientific Procedures Act under project license 40/3601, approved by the University of Nottingham Animal Welfare and Ethical Review Board and reported according to the ARRIVE guidelines (51). All analyses were performed blind.



Drug Treatment

LPS (Escherichia coli serotype Sigma0111:B4, Sigma Aldrich) was dissolved in phosphate buffer saline (PBS, Sigma Aldrich) and stored in aliquots at −20° until use. The day of the experiment, mice were injected intravenously (i.v.) in the dorsal tail vein with 100, 250, or 330 μg/kg of LPS or its vehicle PBS at a volume of 1 μl/g of body weight, as previously described (52). These doses were selected to mimic a low-grade systemic inflammation as seen in AD patients. They were previously shown to induce a mild transient sickness syndrome associated with the expression of pro-inflammatory mediators, reversible by anti-inflammatory drugs (53, 54).



Study Design


Comparison of Tau Pathology in 9-Month-Old hTau/mTau+/− and hTau/mTau−/− Mice

To assess the impact of increasing 4R tau availability on tau aggregation, we used 9-month-old naïve male Wt, mTau+/−, mTau−/−, hTau/mTau+/−, and hTau/mTau−/− mice (n = 4/group), an age when sarkosyl-insoluble tau can be expected in the brain of hTau mice (36). Animals were sacrificed by cervical dislocation; one hemisphere was snap-frozen for subsequent assessment of sarkosyl-insoluble tau, while the other hemisphere was fixed in 4% paraformaldehyde (PFA) for 6 h at room temperature and paraffin embedded for immunohistological analyses.



Dose-Dependent Effects of LPS on Sickness Symptoms, Circulating Cytokine Levels, and Tau Phosphorylation in hTau/mTau+/− and hTau/mTau−/− Mice at Onset of Systemic Inflammation

Three-month-old male Wt, mTau+/−, mTau−/−, hTau/mTau+/−, and hTau/mTau−/− mice (n = 8/9/group) were randomly allocated to the PBS or LPS groups. The timeline of the experiment is shown Figure 1A. Mice were subjected to baseline behavioral assessment prior to being challenged with PBS or LPS. On Day 1, they were trained to burrow food overnight in groups, and on Day 2, they underwent baseline food burrowing testing for 4 h, singly housed. On Day 3, mice were challenged with LPS (100, 250, or 330 μg/kg i.v.) or PBS (1 μl/g of body weight, i.v.). Post-treatment spatial working memory performance was assessed 4 h later in the spontaneous alternation test, and locomotor activity was recorded as an indicator of LPS-induced sickness effects. Mice were then immediately sacrificed by cervical dislocation. Trunk blood was collected for quantification of cytokine levels, in order to determine whether 4R availability impacts upon the systemic response of hTau mice to LPS. The brains were removed, and the hippocampi were dissected from one hemisphere and snap-frozen for subsequent assessment of total and phosphorylated tau levels by western immunoblotting. For six animals per group, the other hemisphere was snap-frozen for analysis of sarkosyl-insoluble tau species, while for the remaining two to four animals, one hemisphere was fixed in PFA for 6 h and paraffin embedded for immunohistological analyses of tau.
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FIGURE 1. Increasing 4R tau levels in hTau mice modulates lipopolysaccharide (LPS)-induced behavioral suppression at 4 h post-injection. Data are expressed as means ± standard error of the mean (SEM). (A) Timeline of the experiment. Three-month-old male wild-type Wt, mTau+/−, mTau−/−, hTau/mTau+/−, and hTau/mTau−/− mice were subjected to baseline assessment of food burrowing performance prior to receiving a tail vein injection of LPS (100, 250, or 330 μg/kg) or its vehicle (phosphate buffer saline, PBS; n = 8–9/group). Spatial working memory and LPS-induced sickness effects were tested at 4 h post-injection in the spontaneous alternation test, the latter by measuring locomotor activity in the Y-maze, prior to blood and tissue collection. (B–D) Hippocampal tau isoform levels were determined by western immunoblotting (B). Breeding hTau mice on a heterozygous murine tau (mTau) knockout background significantly increased hippocampal 4R tau levels (C), without altering 3R tau levels (D). Since LPS had no statistically significant effects on tau isoform levels, which are genetically determined, treatment groups were subsequently pooled for each genotype, for the sake of clarity. n = 34–36 per genotype. Pairwise comparisons: #p < 0.05; ##p < 0.01; ###p < 0.0001. (E–F) In the absence of immune stimulation, food burrowing behavior was impaired (E) and body weight was reduced (F) in hTau mice, regardless of the mTau background. n = 34–36 per genotype. Pairwise comparisons: #p < 0.05; ##p < 0.01; ###p < 0.0001. (G) Four hours after inoculation with systemic LPS, exploratory drive in the spontaneous alternation test, assessed through the distance moved, was suppressed in all genotypes, but in a dose-dependent manner. hTau/mTau+/− mice and their heterozygous mTau knockout (mTau+/−) littermates were more susceptible to the lowest LPS dose, but, unlike what was seen in the other three genotypes, they did not show further behavioral suppression with increasing LPS doses. n = 8–9/group. Pairwise comparisons: **p < 0.01; ***p < 0.0001 vs. PBS.




Persistence of LPS Effects on Systemic Inflammation, Behavioral Sickness, and Tau Phosphorylation at 24 h Post-Inoculation

We determined the persistence of LPS-induced alterations in tau pathology in 3-month-old male Wt, mTau+/−, and hTau/mTau+/− mice 24 h following LPS administration, as hTau/mTau−/− mice were less affected by the immune challenge. The timeline of the experiment is illustrated Figure 5A. Mice first underwent a grouped food burrowing practice (Days 1–4), followed, on Day 5, by baseline assessment of food burrowing performance overnight and spontaneous alternation behavior. On Day 8, mice were administered with either PBS or 250 μg/kg LPS (i.v., n = 9–10/group), as this was the most effective dose, and assessed for LPS-induced sickness in the food burrowing test overnight and in the spontaneous alternation test 24 h after the injection. They were then culled by cervical dislocation; trunk blood and brain tissue were collected as described above.




Behavioral Assessment


Food Burrowing

Food burrowing is a species-specific behavior largely dependent on the integrity of the hippocampus (55), which is suppressed in response to systemic inflammation (56, 57) and is sensitive to the progression of tau pathology in hTau mice (49). The protocol was adapted from one previously described (49). For the overnight practice of food burrowing in groups, a jar containing 50 g of food pellets broken into small pieces was added to the home cage between 17:00 and 18:00 and removed between 09:00 and 10:00 the next day. To assess food burrowing performance, singly housed animals were provided with a jar containing 50 g of food pellets overnight, environmental enrichment, and ad libitum access to food and water. The amount of food displaced from the jar was recorded, expressed as a percentage of the 50 g provided, and used as a measure of food burrowing performance.



Spontaneous Alternation

Spontaneous alternation was used as previously described (49) to assess spatial working memory and exploratory drive. The latter is suppressed in response to LPS-induced sickness and is a potential confounding factor for the assessment of cognitive effects (58). The Y-maze comprised three transparent Plexiglas arms (41.5 cm in length and 6 cm in width surrounded by 15 cm high transparent Perspex walls) at a 120° angle from each other each. The start point (6 × 7.5 cm) was located in the center of the maze, and the mice were allowed to freely explore the three arms over 5 min. The total distance moved in the whole maze was automatically tracked using the Ethovision software (v.10, Noldus, Wageningen, Netherlands) and used as an indication of exploratory drive. A correct alternation entailed a mouse entering three different arms in a row. The number of alternations was recorded manually and expressed as a percentage of alternations to estimate spatial working memory performance.




Assessment of Tau Pathology


Western Immunoblotting

To assess tau pathology, western immunoblotting of tau species and protein phosphatase 2A catalytic (PP2Ac) activity was carried out on hippocampal tissue. Briefly, tissue was homogenized in 5 × radioimmunoprecipitation assay (RIPA) buffer [50 mM Tris-HCl (Sigma, #T5941), 0.1% Triton X-100 (Sigma, X100), 0.25% Na-deoxycholate (Sigma, #D6750), 150 mM NaCl (Sigma, #S3014), 1 mM Ethylenediaminetetraacetic acid (EDTA), (Sigma, #EDS)] containing phosphatase 1 mM Na3VO4 (Sigma, #S6508), 1 mM NaF (Sigma, #S7920), and complete protease inhibitor (Roche, #11697498001). Samples were then centrifuged at 20,000 Relative Centrifugal Force (RCF) for 20 min and the resulting supernatant, corresponding to the cytosolic fraction, was collected. Total protein levels were measured using the bicinchoninic acid (BCA) assay (Novagen, #71285) and standardized in RIPA buffer. Samples were diluted 1:2 in Laemmli buffer (Sigma, #3401) and heated at 100°C for 5 min to denature. For determination of PP2A activity, prior to heating at 100°C, samples were pre-treated with 0.1M NaOH for 30 min at 37°C followed by neutralization with HCl to completely demethylate samples. The PP2Ac subunit is regulated by methylation of its 309L residue, which induces its activation. The PP2Ac antibody 05-421 (Merck) binds PP2Ac at this position but cannot if the molecule is methylated, binding only inactive PP2A (59).

Following denaturation at 100°C, 15 μg of protein was resolved on 7.5% Criterion TGX gels (BioRad Laboratories) and transferred to Amersham Protran 0.45NC nitrocellulose membranes (GE Healthcare, #10600002). Membranes were blocked with 5% milk in Tris buffered saline (TBST; 0.1% tween 20) for 1 h at room temperature and probed overnight at 4°C in blocking buffer with anti-rabbit GAPDH (1:40;000, G8795; Sigma Aldrich) as a loading control; anti-mouse Tau46 (1:500, T9450; Sigma Aldrich) for total tau; anti-mouse CP13 (1:500, pS202) and anti-mouse PHF1 (1:500, pS396/404), both generously gifted by Prof. Peter Davies (NY, USA), for early- and late-pathological-stage tau phosphorylation, respectively; anti-mouse RD3 (1:1,000, 05-803, Millipore) and anti-mouse RD4 (1:500, 05-804, Millipore), for 3R and 4R tau isoforms, respectively; and anti-mouse PP2A (1:5,000, 05-421, Millipore) targeting PP2Ac. After washing with TBST, membranes were incubated with infrared fluorescent secondary antibodies IRDye 680RD Goat anti-Rabbit (1:15,000, 926-68071; LI-COR) and IRDye 800CW Goat anti-Mouse (1:15,000, 926-32210; LI-COR) in blocking buffer for 1 h at room temperature. Blots were scanned and analyzed using the Odyssey infrared imaging system (LI-COR Biosciences). Band intensities were normalized to GAPDH. In the dose–response experiment, a ratio between either pS202 or pS396/404 and tau46 was calculated to provide a ratio of phosphorylated: total tau. For PP2A activity, the ratio between non-NaOH and NaOH treated samples was calculated to provide a ratio of inactive: total PP2Ac.



Tau Aggregation

Aggregated tau was assessed by isolating insoluble tau via a sarkosyl extraction method validated in house using rtg4510 mice. Hemibrains were homogenized in 11 × (w/v) ice-cold homogenization buffer [high-salt and -sucrose solution: 50 mM Tris-HCl (pH 7.5, Sigma, #T2319), 10% sucrose (Fisher, #57-50-1), 5 mM EDTA (Sigma, T9285), 800 mM NaCl (Sigma, #S1679), okadaic acid (Merck, #459620), α2-macroglobulin (Sigma, #10602442001), and Halt protease and phosphatase inhibitors (Thermo Scientific, #78440)]. The homogenates were then spun at 6,000G for 15 min at 4°C and the supernatant saved. The pellet was re-suspended in 5 × (w/v) homogenization buffer and mixed with the previously collected supernatant, producing the total homogenate fraction. Total protein concentrations were then determined with the BCA assay to ensure that sarkosyl extraction of insoluble tau was carried out using an equal amount of proteins in all mice. Total homogenates were then diluted to 5 μg/μl in homogenization buffer and centrifuged at 14,000G for 15 min at 4°C. The total homogenate supernatant was collected (S1) and the pellet (P1) discarded. The S1 fraction was incubated in 1% sarkosyl for 1 h at room temperature and centrifuged at 160,000G for 30 min at 4°C, and the resulting sarkosyl-soluble supernatant (S2) was collected. A wash spin was conducted by adding 2 ml of homogenization buffer to the pellet and centrifuging again at 160,000G for 30 min. The pellet was then re-suspended in a solubilization buffer (50 mM Tris-HCl, 2.3% SDS, 1 mM EDTA, and Halt protease and phosphatase inhibitors), providing the sarkosyl-insoluble fraction (P2). Fractions were stored at −80°C until use for western immunoblotting of S1 and P1 fractions with anti-mouse Tau46 for total tau and anti-mouse PHF1 for late-pathological-stage tau phosphorylation, as described above, but with sarkosyl-insoluble P2 fractions being resolved on 4–12% gels.



Immunohistochemical Assessment of Tau Pathology

Serial coronal sections 7 μm thick were cut throughout the hippocampus using a microtome (Microtome Slee Cut 4060), mounted on APES (3-aminopropyltriethoxysilane)-coated slides, and dried overnight at 40°C. For immunostaining of tau species, antigen retrieval was performed in boiling sodium citrate buffer (10 mM tri-sodium citrate, pH 6.0, Fischer #S/3320/53) for 20 min. Endogenous peroxidases were then quenched in 3% H2O2 in methanol for 5 min. Brain slices were blocked for 1 h at room temperature (RT) using mouse-on-mouse Immunoglobulin G (IgG) blocking reagent (Vector, #MKB-2213). Primary antibody incubation with anti-mouse Tau46 (1:400), CP13 (1:25, pS202), or PHF1 (1:25, pS396/404) in blocking buffer was carried out overnight at 4°C. Secondary antibody incubation consisted of biotinylated horse anti-mouse secondary antibody (1:200 in blocking buffer, Vector Laboratories, #BMK-2202), applied for 1 h at RT. Tissue was then washed, exposed to ABC-HRP (Vectastain Elite ABC Kit R.T.U, Vector Labs, cat. nr. PK-7100) and labeled with DAB (3,3′-Diaminobenzidine) peroxidase substrate (Vector Labs cat. SK-4100) according to manufacturer's instructions, and finally, counterstained using hematoxylin. Digital focused photo-scanning images were then acquired using a Hamamatsu NanoZoomer-XR 2.0-RS C10730 digital scanning system with time delay integration (TDI) camera technology (Hamamatsu Photonics K.K. Systems, Japan) at 20 × magnification and visualized using NDP.view2 (NanoZoomer Digital Photography). Tau localization was assessed qualitatively.




Multiplex

Plasma levels of IL-1β, IL-6, IL-10, interferon gamma (IFN-γ), and TNFα were determined using the Bio-Plex ProTM Mouse Cytokine 23-Plex, Group I assay, and Bio-Plex array reader, and analyzed using the Bio-Plex Manager Software (Bio-Rad Laboratories, Berkeley, CA, USA) according to the manufacturer's instructions. The cytokine panel was designed to provide a measure of key cytokines known to respond to LPS and to play a role in AD.



Data Analysis

Data are presented as mean ± SEM (standard error of the mean). ANOVAs and planned comparisons, decided a priori, were carried out using InVivoStat (60) to compare relevant experimental groups. The significance of relevant pairwise comparisons was determined by using ANOVAs with post hoc Fisher's least significant difference (LSD), rather than post hoc tests with correction for multiple comparisons, because the whole experimental design was planned to test a few specific hypotheses that are reflected by the small subset of chosen planned comparisons. Therefore, the risk of false positives (Type 1 errors) is unlikely and further reduced by using the variance estimate generated by the ANOVA models, using all animals within the experiment. This approach also has a lower chance of declaring false negative results (Type 2 errors) arising from the high number of possible comparisons. The number of arm entries was used as a covariate for the analysis of spontaneous alternation performance to control for confounding effects of LPS-induced behavioral suppression. Baseline behavioral and body weight data, as well as analysis of tau isoforms and species in hemibrains from 9-month-old mice, were subjected to one-way ANOVAs with genotype as a between factor, followed, where appropriate, by planned comparisons. The following pairwise comparisons were decided a priori (7 out of 10 possible comparisons): (i) Wt vs. each of the four genetically altered groups to test for genotype differences; (ii) hTau/mTau+/− and hTau/mTau−/− vs. their respective mTau control, to test for human tau expression within each mTau genotype; and (iii) hTau/mTau+/− vs. hTau/mTau−/− to test for the impact of 4R tau availability on the hTau phenotype. The effects of LPS on tau isoforms and pathology as well as cytokine data were assessed by two-way ANOVAs with genotype and either doses (4 h time point) or treatment (24 h time point) as between-subject factors, followed, where appropriate, by planned comparisons. For analyses of tau species and 4R tau, mTau−/− mice were excluded, as they do not express tau. Analyses of 3R tau were only conducted in the two hTau models, as non-genetically altered mice do not express 3R tau. To account for gel-to-gel variability in western immunoblotting data, a randomized block analysis of variance was conducted, followed, when appropriate, by planned comparisons. Data for phosphorylated:total tau ratios were log transformed to normalize the distribution. The following pairwise comparisons were decided a priori (39 out of 190 possible comparisons for the 4 h time point and 6 out of 15 possible comparisons for the 24 h time point): (i) PBS-treated Wt vs. each of the four genetically altered groups to test for genotype differences in the absence of immune stimulation; (ii) PBS-treated hTau/mTau+/− and, if appropriate, hTau/mTau−/−, vs. their respective PBS-treated mTau control, to test for the effect on human tau expression within each mTau genotype; (iii) PBS- vs. LPS-treated mice for each LPS dose within each genotype to test for differences caused by systemic inflammation with LPS; (iv) for the 4 h time point only, hTau/mTau+/− vs. hTau/mTau−/− for each LPS dose to test for the impact of 4R tau availability on the hTau phenotype in the absence and presence of immune stimulation; and (v) LPS doses within each genotype to test for dose-dependent effects. To assess the persistence of LPS-induced sickness at 24 h post-inoculation, we compared baseline and post-injection data using two-way ANOVAs with genotype and treatment as between-subject factors and repeated measures over time, followed by planned comparisons. The following pairwise comparisons were decided a priori (8 out of 66 possible comparisons): (i) Wt vs. each of the two genetically altered groups prior to injection with PBS or LPS, to test for genotype differences at baseline, and (ii) baseline vs. post-injection data within each experimental group to test for the effect of the PBS or LPS challenge and/or repeated testing. P ≤ 0.05 was considered statistically significant.




RESULTS


Increased 4R Tau Availability in hTau/mTau+/− Exacerbates Tau Hyperphosphorylation Without Worsening Behavioral Disturbances

We have previously shown that hTau mice bred on a heterozygous mTau knockout background develop behavioral and pathological features of tauopathies (48). Using hemibrains from 9-month-old mice, we first aimed to determine whether this breeding strategy impacted on tau aggregation, but neither hTau/mTau+/− nor hTau/mTau−/− mice exhibited aggregated tau (Supplementary Figure 1G). Next, we used this tissue for verification of the expected increase in 4R tau (Supplementary Figure 1B) without affecting 3R tau levels (Supplementary Figure 1C) in hTau/mTau+/− mice. This preliminary experiment on a limited number of animals also suggested that increased 4R tau availability was associated with elevated levels of total, early-, and late-pathological-stage phosphorylated tau (Supplementary Figures 1D,E).

To address the possible impact of tau isoform ratio imbalance in the hippocampal response and sickness response to systemic inflammation, hTau mice were therefore bred on either an mTau+/− or mTau−/− background and dosed with PBS or LPS at 3 months of age. We first confirmed that hippocampal levels of 4R tau (Figure 1C) were significantly affected by the genotype [F(3, 117) = 19.09, p < 0.0001], regardless of treatment [LPS doses: F(3, 117) = 0.92, p = 0.43; genotype × LPS doses: F(9, 117) = 0.11, p = 0.99]. Accordingly, hippocampal levels of 4R tau were reduced by half in mTau+/− compared to Wt mice (p = 0.0004) and significantly higher in hTau/mTau+/− than in both mTau+/− (p < 0.0001) and hTau/mTau−/− (p < 0.0001, Figure 1C), while 3R levels did not differ between hTau/mTau+/− and hTau/mTau−/− mice [F(1, 48) = 0.23, p = 0.63, Figure 1D], regardless of treatment [LPS doses: F(3, 48) = 1.23, p = 0.31; genotype × LPS doses: F(3, 48) = 0.02, p = 0.99], confirming our preliminary findings in the whole brain of 9-month-old mice (Supplementary Figure 1). Next, we verified the presence of pathological tau features in 3-month-old mice using data from PBS-treated mice. This also indicated that increasing 4R tau levels in hTau mice were associated with elevated hippocampal tau phosphorylation at the pS202 (p = 0.003 vs. hTau/mTau−/− mice; Figure 3B) and pS396/404 epitopes (p < 0.0001 vs. hTau/mTau−/− mice; Figure 3C), although total tau levels were not affected (Figure 3D). PBS-treated hTau/mTau+/− also presented with an elevated pS202:tau46 ratio compared to both PBS-treated Wt (p = 0.03) and mTau−/− (p = 0.0002) mice (Supplementary Figure 4A), but the ratio of late-stage phosphorylated tau to total tau was not different between the genotypes (Supplementary Figure 4B). Tau redistribution is another pathological feature of tauopathies, whereby hyperphosphorylated tau dissociates from microtubules and relocates from the axon to the somatodendritic compartment (61). We therefore examined whether this also occurred in 3-month-old hTau/mTau+/− mice using pS202 immunostaining, as a small ring of positive CP13 is expected around cell bodies upon somatodendritic tau redistribution (36). While there was mild evidence of tau in the somatodendritic compartment of both Wt and mTau+/− mice, strong CP13 positive rings were observed in hTau/mTau+/− and hTau/mTau−/− mice (Supplementary Figure 2), indicating redistribution of phosphorylated tau and confirming our previous observation in 6-month-old hTau mice bred on a heterozygous mTau knockout (48).

We have previously shown that the food burrowing task is the most sensitive test to assess early behavioral perturbations in hTau mice bred on either an mTau−/− (49) or mTau+/− (48) background, and that this behavior is suppressed 4 h after inoculation with LPS in an APP/PS1 mouse model of AD and their Wt littermates (57). Here, mice were assessed for food burrowing performance prior to being challenged with PBS or LPS, and we found that the severity of the food burrowing deficit in 3 -month-old hTau mice was independent of the mTau genotype [genotype: F(4, 171) = 3.89, p = 0.005; hTau/mTau+/−: p = 0.002 vs. Wt; hTau/mTau−/−: p = 0.02 vs. Wt; Figure 1E]. We also found that both hTau models weighed less than their Wt and respective mTau knockout littermates [genotype: F(4, 171) = 6.91, p < 0.0001; hTau/mTau+/−: p = 0.003 vs. Wt and p = 0.0002 vs. mTau+/−; hTau/mTau−/−: p = 0.004 vs. Wt and p = 0.0009 vs. mTau−/−; Figure 1F]. Behavioral performance in the spontaneous alternation test, however, did not differ between PBS-treated mice of all five genotypes (Figure 1G for distance moved and Supplementary Figure 3A for alternation rate). Thus, while modulation of 4R tau availability in hTau mice impacts on tau phosphorylation, this is not associated with differences in early behavioral and physiological disturbances.



4R Tau Availability Modulates the Susceptibility to LPS-Induced Sickness in hTau Mice

To determine whether the systemic inflammation-induced sickness in hTau mice was affected by increasing 4R tau availability, locomotor activity was tracked in the spontaneous alternation task 4 h after inoculation with LPS. The distance moved in the Y-maze was dose-dependently depressed by LPS [F(3, 153) = 28.26; p < 0.0001] regardless of the genotype [F(4, 153) = 1.56, p = 0.018; Figure 1G], but the lowest LPS dose (100 μg/kg) was only significantly effective in inducing behavioral suppression in hTau/mTau+/− mice (p = 0.0006 vs. PBS) and their heterozygous mTau knockout littermates (p = 0.001 vs. PBS) without declining further with increasing LPS doses, in contrast to other genotypes (Figure 1G). This suggests that 4R tau levels modulate the sickness response to low LPS doses. Spontaneous alternation performance, however, was not significantly altered by LPS [LPS doses: F(3, 140) = 0.58, p = 0.63; genotype × LPS doses: F(12, 140) = 1.51, p = 0.13; Supplementary Figure 3).



4R Tau Availability Limits the Cytokine Response to Higher LPS Doses in hTau Mice at 4 h Post-Inoculation

To determine whether elevated 4R tau affects the extent of the cytokine response to systemic LPS administration, we quantified circulating levels of the pro-inflammatory cytokines IL-1β, IL-6, INFγ, and TNFα and prototypical anti-inflammatory cytokine IL-10. Indicating a strong pro-inflammatory response had occurred in response to all LPS doses, serum concentrations of all cytokines were significantly elevated [IL-1β: F(3, 119) = 44.95, p < 0.0001, Figure 2A; INFγ: F(3, 121) = 45.39, p < 0.0001, Figure 2B; TNFα: F(3, 121) = 48.37, p < 0.0001, Figure 2C; IL-6: F(3, 120) = 47.40, p < 0.0001, Figure 2D; and IL-10: F(3, 121) = 45.07, p < 0.0001, Figure 2E], with little variations between doses within each genotype. Four hours after inoculation with the 330 μg/kg dose, however, LPS-induced secretion of INFγ and IL-10 were significantly lower in hTau/mTau+/− than in hTau/mTau−/− mice (Figures 2B,E, respectively), suggesting that 4R tau availability modulates the cytokine response to systemic immune stimulation in a dose-dependent manner.
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FIGURE 2. LPS-induced serum cytokines at 4 h post-injection. Three-month-old male Wt, mTau+/−, mTau−/−, hTau/mTau+/−, and hTau/mTau−/− mice were challenged with LPS [100, 250, or 330 μg/kg, intravenously (i.v.)] or its vehicle PBS. Their serum was collected 4 h later, immediately after behavioral assessment, for measurement of induced levels of pro- and anti-inflammatory cytokines. At this time point, significant increases in circulating levels of the pro-inflammatory cytokines interleukin 1β (IL-1β, A), interferon gamma (IFN-γ, B) and tumor necrosis factor alpha (TNFα, C); of IL-6 (D), which has both pro- and anti-inflammatory effects; and of the anti-inflammatory cytokine IL-10 (E) were observed regardless of the genotype and LPS dose. At the highest LPS dose (330 μg/kg), however, LPS-induced IFN-γ (B) and IL-10 (E) were significantly higher in hTau/mTau−/− than seen in hTau/mTau+/−, suggesting that expression of 4R mTau in hTau mice dampens the cytokine response to stronger immune stimulations. Data are expressed as means ± SEM. n = 5–9/group. Pairwise comparisons: *p < 0.05, **p < 0.01, ***p < 0.0001 vs. PBS and #p < 0.05, ##p < 0.01 vs. hTau/mTau−/− mice.




4R Tau Availability Exacerbates the Rapid Tau Dephosphorylation Induced by LPS in hTau Mice

Next, we determined whether low doses of LPS affect hippocampal tau phosphorylation and the extent to which this can be modulated by 4R tau availability in hTau mice. We used western immunoblotting to quantify the levels of tau phosphorylation epitopes pS202 and pS396/404, which are predominantly associated with early-stage (18) and late-stage (62) tau pathology, respectively. They have been found to be induced by septic doses of LPS in tau models in vivo (35, 37, 63). In contrast, we found, 4 h after inoculation with systemic LPS, reduced hippocampal levels of pS202 and pS396/404 in hTau/mTau+/− mice regardless of the dose (p < 0.05 vs. PBS-treated hTau/mTau+/− mice in all cases, Figures 3B,C), while in hTau/mTau−/− mice, LPS selectively lowered tau phosphorylation at the pS202 epitope at the lowest (100 μg/kg) dose (p < 0.05 vs. PBS-treated hTau/mTau−/− mice, Figure 3B). In hTau/mTau+/−, LPS also significantly lowered the pS202:tau46 ratio at the 100 and 250 μg/kg doses (p = 0.008 and p = 0.004 vs. PBS-treated mice, respectively, Supplementary Figure 4A), and pS396/404:tau46 ratio at the 100 μg/kg dose only (p = 0.04 vs. PBS-treated mice, Supplementary Figure 4B), but significant reductions in the phosphorylated: total tau ratios were particularly observed in Wt mice at all LPS doses (Supplementary Figures 4A,B), despite the lack of significant alterations in tau species (Figures 3A–D). Thus, the enhanced tau phosphorylation caused by increased 4R tau levels is associated with a greater response of hTau/mTau+/− mice to low LPS doses. Total tau levels remained constant, regardless of the genotype (Figure 3D), suggesting that tau dephosphorylation is the likely mechanism underlying reduced tau phosphorylation following LPS administration. We therefore looked at whether LPS modulated the activity of PP2Ac, the most important tau phosphatase in the central nervous system (CNS), by quantifying inactive and total hippocampal PP2Ac levels by western immunoblotting. However, LPS failed to significantly impact PP2Ac activity at 4 h in all genotypes, although there was a trend for a selective increase in PP2Ac activity in hTau/mTau+/− mice, suggested by the non-significant reduction in the ratio of inactive to total PP2Ac seen with all three LPS doses (Figure 4B). Furthermore, LPS, regardless of the dose, failed to induce tau aggregation in all genotypes, as evidenced by the absence of sarkosyl-insoluble total and pS396/404 tau in the whole brain of 3-month-old mice (Supplementary Figure 5A), where we confirmed the impact of 4R Tau availability on soluble levels of these two markers, seen in their hippocampi (Figures 1A,C,D). All LPS doses indeed lowered whole-brain levels of phosphorylated tau at the pS396/404 epitope in hTau/mTau+/− (all p < 0.0002 vs. PBS-treated hTau/mTau+/−), but not hTau/mTau+/−, mice (Supplementary Figure 5C) without affecting total tau levels (Supplementary Figure 5D).
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FIGURE 3. LPS-induced tau dephosphorylation at 4 h post-injection. Three-month-old male Wt, mTau+/−, mTau−/−, hTau/mTau+/− and hTau/mTau−/−, mice were challenged with LPS (100, 250, or 330 μg/kg, i.v.) or its vehicle PBS. Their brains were collected 4 h later, immediately after behavioral assessment, for measurement of phosphorylated tau at the pS202 and pS396/404 epitopes and total tau (tau 46), by western immunoblotting (A). In the absence of immune stimulation, expression of 4R mTau in hTau mice (hTau/mTau+/−) exacerbated pS202 (B) and pS396/404 (C) tau phosphorylation. Pairwise comparisons: ##p < 0.01; ###p < 0.0001 vs. hTau/mTau−/− mice. In response to LPS, tau dephosphorylation occurred in hTau/mTau+/−, regardless of the dose, at both epitopes (B,C), while in hTau/mTau−/−, the 100 μg/kg dose was selectively effective in reducing pS202 levels (B), but total tau levels were unaltered by LPS (D). This indicates that increasing 4R tau in hTau mice increased their tau phosphorylation potential at baseline as well as tau dephosphorylation potential in response to immune stimulation. Data are expressed as means ± SEM. n = 7–9/group. Pairwise comparisons: *p < 0.05; **p < 0.01; ***p < 0.0001 vs. PBS.
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FIGURE 4. LPS failed to significantly increase protein phosphatase 2A catalytic (PP2A) activity. Three-month-old male Wt, mTau+/−, mTau−/−, hTau/mTau+/−, and hTau/mTau−/− mice were challenged with LPS (100, 250, or 330 μg/kg, i.v.) or its vehicle PBS. Their brains were collected 4 h later, immediately after behavioral assessment. Since we found that LPS was able to dephosphorylate tau in both hTau models, we also assessed activity of the main tau phosphatase in the brain (PP2Ac) by western immunoblotting of inactive and total PP2Ac levels (A). PP2A activity was estimated by the ratio of inactive: total PP2Ac (B), whereby a reduction in this ratio would indicate increase PP2A activity. Although this ratio tended to be lower in LPS-treated hTau mice, regardless of the mTau phenotype, this failed to reach statistical significance. Data are expressed as means ± SEM. n = 7–9/group.




LPS-Induced Tau Dephosphorylation Persists for at Least 24 h in hTau/mTau+/− Mice

All together, the data reported above suggest that reducing the predominance of 3R tau by increasing 4R tau availability exacerbates tau hyperphosphorylation in 3-month-old hTau mice, as well as the tau dephosphorylating effect of low LPS doses, 4 h after inoculation. We therefore next investigated in hTau/mTau+/− mice the persistence of LPS effects at the 250 μg/kg dose (Figure 5A), which produced robust pro-inflammatory response and tau dephosphorylation. We chose a 24 h time point, which is expected to correspond to the resolution of the pro-inflammatory cytokine response following acute LPS administration in mice (64). We found that LPS-treated hTau/mTau+/− mice and their LPS-treated Wt and mTau+/− littermates were still experiencing LPS-induced sickness, manifested by a significant weight loss in all genotypes [~ 10%; p < 0.0001 vs. baseline pre-injection weight in all cases; treatment × time: F(1, 53) = 163.89, p < 0.0001; Figure 5B], as well as suppression of food burrowing behavior [p < 0.03 vs. baseline pre-injection performance in all cases; treatment × time: F(1, 53) = 41.16, p < 0.0001; Figure 5C]. However, while the injection and/or repeated testing attenuated spontaneous exploration of the Y-maze during the spontaneous alternation test [time: F(1, 52) = 122.07, p < 0.0001; Figure 5D], the reduction in the distance moved in the apparatus was also greater in LPS-treated than PBS-treated mice [treatment × time: F(1, 52) = 8.07, p = 0.006; ~ −23–29% in PBS-treated mice, all p < 0.03 vs. baseline performance; and −52–61% in LPS-treated mice, all p < 0.0001 vs. baseline performance; Figure 5D], indicating residual sickness effects of the immune challenge. Spontaneous alternation performance, a measure of spatial working memory, was not affected (Figure 5E). Although circulating levels of the pro-inflammatory cytokines IL-1β, INFγ, and TNFα had returned to baseline values in all three genotypes (Figures 5F–H), the pro-inflammatory cytokine IL-6, known to exert anti-inflammatory effects at low doses (65, 66), remained elevated in all three genotypes 24 h after systemic LPS administration [treatment: F(1, 51) = 45.16, p < 0.0001], albeit to a much lesser extent than observed at the 4 h time point (Figure 5I). Concentrations of the anti-inflammatory cytokine IL-10 remained elevated in all three genotypes [treatment: F(1, 51) = 76.34, p < 0.0001] at levels closed to those measured at the 4 h time point, but to a lower extent in LPS-treated hTau/mTau+/− mice than in LPS-treated Wt (p < 0.0009) and mTau+/− (p < 0.0018) mice [genotype × treatment: F(2, 51) = 3.93, p = 0.026; Figure 5J]. Furthermore, at 24 h post-injection, hippocampal tau dephosphorylation was still seen in LPS-treated hTau/mTau+/− mice at both the pS202 (p = 0.01 vs. PBS-treated mice, Figures 6A,B) and pS396/404 (p = 0.04 vs. PBS-treated mice, Figures 6A,C) epitopes, while total levels of tau (Figures 6A,D) and PP2Ac activity (Figures 6E,F) remained unaltered. We again assessed sarkosylinsoluble tau at 24 h post-inoculation with LPS, and there was no evidence of either total or pS396/404 tau in sarkosyl fractions, regardless of treatment (Figure 6G), indicating that LPS did not induce tau aggregation (Figure 6F).
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FIGURE 5. Persistence of systemic LPS effects in hTau/mTau+/− mice at 24 h post-injection. Data are expressed as means ± SEM. (A) Timeline of the experiment. Three-month-old male Wt, mTau+/− and hTau/mTau−/− mice were subjected to baseline assessment of food burrowing and spontaneous alternation performance prior to receiving a tail vein injection of LPS (250 μg/kg) or its vehicle (PBS; n = 9–10/group). Induced sickness effects were tested at 24 h post-injection by measuring body weight loss, exploratory drive in the spontaneous alternation test, and food burrowing behavior prior to blood and tissue collection. Sickness symptoms were still present 24 h after LPS administration, as reflected by the body weight loss (B) and suppression of food burrowing behavior (C) seen in LPS-treated mice, regardless of the genotype. The reduction in performance seen in PBS-treated mice indicated that exploratory drive in the spontaneous alternation test was affected by repeated testing, but this was more pronounced in LPS-treated mice (D), also indicating residual sickness effects; however, spontaneous alternation performance did not differ from baseline levels (E). (F–J) LPS-induced circulating cytokines. Upper segment corresponds to the range of induced levels measured 4 h after inoculation with LPS. Indicating a resolution of the pro-inflammatory cytokine response to LPS, a return to baseline values was observed at the 24 h time point for IL-1β (F), IFN-γ (G), and TNFα (H). Circulating levels of IL-6, known to exert anti-inflammatory effects at a low dose, remained elevated in all genotypes but to a much lower extent than seen at the 4 h time point (I). Concentrations of the anti-inflammatory cytokine IL-10 were also still elevated but at levels close to those measured at 4 h post-LPS and to a lower extent in hTau/mTau−/− mice than in Wt and mTau+/− mice (J). This indicates than sickness symptoms persist at 24 h after LPS administration, despite the resolution of the systemic pro-inflammatory cytokine response. We also replicated the characteristic food burrowing deficit of hTau mice in the absence of immune stimulation (C). Pairwise comparisons: *p < 0.05, **p < 0.01, ***p < 0.0001 vs. PBS or baseline; ##p < 0.01 vs. other genotypes. n = 9–10 per group.
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FIGURE 6. Persistence of tau dephosphorylating effects of systemic LPS in hTau/mTau+/− mice at 24 h post-injection. Three-month-old male Wt, mTau+/−, and hTau/mTau−/− mice were challenged with LPS (250 μg/kg, i.v.) or its vehicle PBS. Their brains were collected 24 h later, immediately after assessment of sickness symptoms for the determination by western immunoblotting of hippocampal soluble phosphorylated tau at the pS202 and pS396/404 epitopes and total tau (tau 46) levels (A), PP2A activity (E), and whole brain insoluble total and phosphorylated tau (G). pS202 (B) and pS396/404 (C) tau dephosphorylation persisted for at least 24 h after LPS administration, while levels of total tau (D) and PP2A activity (F) remained unaltered. There was also no evidence of insoluble tau (G). Data are expressed as means ± SEM. Pairwise comparisons: *p < 0.05; **p < 0.01 vs. PBS.





DISCUSSION

To investigate whether reducing the predominance of the toxic 3R Tau isoform affects susceptibility to systemic inflammation and LPS-induced changes in tau phosphorylation, we increased 4R tau availability in hTau mice by breeding them on a heterozygous mTau knockout background, as adult mTau consists solely of 4R tau (67). We found in 3-month-old mice that increasing 4R availability in hTau mice exacerbated tau hyperphosphorylation but not total tau in the absence of immune stimulation as well as tau dephosphorylation in response to all three doses of LPS tested. The increased phosphorylation potential at baseline was not accompanied by differences in early behavioral and physiological disturbances characteristic of hTau mice, but the greater dephosphorylation potential of hTau/mTau+/− under immune stimulation was associated with a stronger acute behavioral sickness at the lowest (100 μg/kg dose) and milder sickness and cytokine responses to the highest (330 μg/kg) LPS dose.

The predominance of 3R tau has been linked to the pathogenesis of tauopathies, correlating with the severity of NFT pathology in the post-mortem AD brain and driving pathological changes in hTau mice. Based on recent reports showing that increasing 4R tau levels without changes in 3R tau prevented the development of cognitive deficits in these mice, as well as the accumulation of insoluble and phosphorylated tau, without altering total tau levels (46), we predicted a milder tau pathology and behavioral phenotype in hTau/mTau+/− than in hTau/mTau−/−. In contrast, we found that the higher abundance of the 4R tau isoform selectively increased tau phosphorylation in 3-month-old hTau mice, although the associated increases in phosphorylated: total tau ratios failed to reach statistical significance. This exacerbation of pathological tau could be resulting from differences in the extent to which we altered the isoform ratio in the model. Espindola et al. (46) indeed reprogrammed 3R to 4R tau isoforms to a ratio of ~1 to mimic the balance seen in the healthy human brain, while with our breeding strategy, 3R tau remained the predominant isoform. While a balance between the two isoforms may be critical to protect from the development of tau pathology, both 3R and 4R tau were found toxic in drosophila, with isoform-specific mechanisms of tau toxicity and phosphorylation potential (68). There is also evidence to suggest that 4R tau is toxic in the mouse brain. Indeed, the splicing of 3R−4R tau in hTau mice, leading to an isoform ratio favoring 4R tau by increasing 4R tau and correspondingly decreasing 3R tau without affecting total tau levels, was also found to exacerbate tau phosphorylation and behavioral abnormalities (47). Differences in structure and function between human and mTau have been reported, but it is unlikely that this contributes to the tau dephosphorylating effects of increased 4R availability seen in response to LPS. mTau mice indeed lack residues 17–28, but in vitro studies using brain extracts from AD patients have found that this particularly affected the binding of mTau to proteins regulating energetic processes in neurons (69). And while several studies have shown that the presence of mTau that is predominantly 4R delays the pathological accumulation of human tau, with exacerbated disease progression being observed in tau models after full removal of mTau [reviewed in (70)], we found here that keeping 50% of mTau exacerbated tau hyperphosphorylation in hTau mice in the absence of immune stimulation, although this was protective in response to LPS. Furthermore, in the 3xTg model of AD, endogenous mouse tau was found to be hyperphosphorylated and to significantly co-aggregate with human tau, while the deletion of the mTau gene in this model lowered soluble total and phosphorylated tau, as well as insoluble total tau, without impacting on cognition (70). This suggests that the ability of 4R mTau to modulate pathogenic features of human tau in mouse models is not due to species differences, but a mechanistic study comparing the impact of 4R tau from both species would be needed to confirm this point. We previously reported that food burrowing is the most prominent early behavioral deficit in hTau mice, regardless of the mTau background (48, 49). As seen in the 3xTg model, we found here that the expression of 4R mTau in hTau mice did not worsen the food burrowing impairment, nor the lower body mass, despite the increased tau phosphorylation. Whether or not this has also an impact on tau aggregation could not be investigated here, as we, unexpectedly, did not find evidence of insoluble total and/or phosphorylated tau at the ages investigated. As we discussed before (49), the C57BL/6J background was found to weaken the phenotype of a number of disease models and could explain the milder phenotype of hTau mice obtained from The Jackson Laboratory, as compared to that originally described (36) on a mixed Swiss Webster/129/SvJae/C57BL/6 background.

Altered immune status is a common feature of tauopathies (71, 72), regardless of their classification in terms of 3R/4R predominance. To the best of our knowledge, no study has investigated whether specific tau isoforms differentially modulate immune responses. 3R and 4R tau were reported to differ in their physiological function and pathological role (68), and interplays between tau mechanisms and immune responses are thought to contribute to tau pathogenesis (71, 72). We therefore hypothesized that increasing the abundance of 4R tau would impact on tau pathology as well as on behavioral and physiological responses to mild systemic inflammation induced by LPS. We found here that the expression of 4R murine in hTau mice had little impact on LPS-induced sickness and circulating cytokine levels at 4 h post-inoculation, a time point corresponding to the peak cytokine response (73–75), but this may be dose dependent. Indeed, while behavioral suppression increased in severity with raising doses of LPS in Wt, hTau/mTau−/− mice and their mTau knockout littermates, it was more severe in hTau/mTau+/− mice and heterozygous mTau knockout littermates at the lowest dose used (100 μg/kg) but less severe at the highest dose (330 μg/kg). In hTau/mTau+/− mice, the latter was associated with reduced secretion of pro-inflammatory cytokine INFγ and anti-inflammatory cytokine IL-10. This suggests that while increasing availability of 4R Tau in hTau mice enhanced the sickness response to the lowest low LPS doses, it may limit the systemic impact of stronger pro-inflammatory stimuli. LPS-induced tau dephosphorylation was also more robust in hTau mice expressing 4R mTau, occurring at all three doses on both pS202 and pS396/404 epitopes and persisting for at least 24 h after inoculation with LPS.

While LPS was generally found to exacerbate tau phosphorylation in models of tauopathies (35, 37, 63), our data argue in favor of a protective effect of systemic LPS on tau pathology. The strength of the immune stimulation is likely to be a factor, as the above studies used either LPS doses more akin to sepsis or a chronic dosing regimen. Consistent with our data, recent studies also suggest that mild systemic inflammation may be beneficial to tau pathology. A single 150 μg/kg LPS challenge was found to decrease the levels of aggregated tau through induction of the autophagy pathway in the P301S model (76). Furthermore, collagen-induced arthritis in the 3xTg model was reported to decrease tau phosphorylation and the number of neurons affected by tau aggregates (77). As this arthritis model is associated with chronic systemic inflammation that is truly mild (78, 79), this also suggests that systemic inflammation may not have a detrimental effect on tau pathology in AD. Supporting a potential dose dependency in the occurrence of protective vs. detrimental effects of LPS on tau pathology, tau dephosphorylation occurred only at the pS202 epitope and only at the lowest (100 μg/kg) dose in hTau/mTau−/− mice, while in hTau/mTau+/− mice, the highest (330 μg/kg) LPS dose was the least effective in reducing both pS202 and pS396/404 levels.

The mechanisms whereby LPS limits tau hyperphosphorylation could not be identified in the present study. It could result from either decreased kinase activation or increased phosphatase activation. We hypothesized that alterations in phosphatase activity were the source for tau dephosphorylation in the current study, with PP2A the likely culprit. PP2A accounts for about 1% of cellular content within the brain and is the predominant phosphatase that affects tau phosphorylation (80). LPS has been shown to induce PP2A activation in vitro in endothelial cells (81, 82). Furthermore, LPS and superoxide, one of the downstream products of LPS-induced inflammation (83), have been shown to induce PP2A activation in hippocampal slices (84, 85), indicating that LPS can directly and indirectly induce PP2A activation within the CNS. To assess PP2A activity in the current study, western blot analyses of the PP2A catalytic subunit were conducted after incubation with or without NaOH, giving a measure of inactive:total PP2Ac. Despite the lack of significant alterations in this measure, there was a trend for a decrease in both hTau genotypes 4 h after being challenged with LPS. A more sensitive assay would be needed to categorically ascertain whether changes in PP2A activity were associated with LPS-induced tau dephosphorylation. Various kinases have been implicated in the exacerbation of tau phosphorylation by high LPS doses but with discrepancies between studies (39). Increased activity of cyclin-dependent kinase 5 and/or glycogen synthase kinase-3β was most commonly found associated with LPS-induced tau hyperphosphorylation in Wt and 3xTg mice (37, 38), but increased autophagic degradation rather than reduced kinase activity was found associated with the reduced tau pathology caused by a low 150 μg/kg LPS dose in P301S mice (76). Their implication in the modulation of LPS-induced tau dephosphorylation by 4R tau will need to be investigated in future studies.



CONCLUSIONS

While previous studies have found that a full mTau background prevents the development of tau pathology in the hTau model (36), we found here that reducing mTau expression by half exacerbates tau phosphorylation in this model, suggesting that the effect of 4R mTau on pathogenesis in hTau mice is dose dependent. Our data also further demonstrate that modulation of the 4R:3R tau isoform ratio effectively modulates disease severity in this model. However, we are the first to show that this also affects the impact of systemic inflammation on tau phosphorylation, behavioral sickness, and circulating cytokine levels. Despite leading to an increase in tau phosphorylation potential in the absence of immune stimulation, elevated 4R tau levels in hTau mice were also associated with an increased tau dephosphorylation potential in response to LPS, but the underlying mechanism of this needs to be investigated in future studies. The attenuated systemic response of hTau/mTau+/− mice to the highest LPS dose tested also suggests that 4R tau may actually offer some protection against disease-exacerbating effects of systemic inflammation.
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We examined the effects of a dihydropyridine calcium channel blocker nilvadipine with anti-inflammatory properties on cognition and cerebrospinal fluid (CSF) biomarkers by baseline Alzheimer's disease (AD) severity. Exploratory analyses were performed on the dataset (n = 497) of a phase III randomized placebo-controlled trial to examine the response to nilvadipine in AD subjects stratified by baseline AD severity into very mild (MMSE ≥ 25), mild (MMSE 20-24) and moderate AD (MMSE < 20). The outcome measures included total and subscale scores of the Alzheimer's Disease Assessment Scale Cognitive 12 (ADAS-Cog 12), the Clinical Dementia Rating Scale sum of boxes (CDR-sb) and the AD composite score (ADCOMS). Cerebrospinal fluid biomarkers Aβ38, Aβ40, Aβ42, neurofilament light chain (NFL), neurogranin, YKL-40, total tau and P181 tau (ptau) were measured in a subset of samples (n = 55). Regression analyses were adjusted for confounders to specifically examine the influence of nilvadipine and baseline AD severity on cognitive outcomes over 78-weeks. Compared to their respective placebo-controls, nilvadipine-treated, very mild AD subjects showed less decline, whereas moderate AD subjects showed a greater cognitive decline on the ADAS-Cog 12 test and the ADCOMS. A lower decline was observed after nilvadipine treatment for a composite memory trait in very mild AD subjects and a composite language trait in mild AD subjects. Cerebrospinal fluid Aβ42/Aβ40 ratios were increased in mild AD and decreased in moderate AD patients treated with nilvadipine, compared to their respective controls. Among moderate AD subjects, levels of ptau, total tau, neurogranin and YKL-40 increased in subjects treated with nilvadipine compared to placebo. These studies suggest that baseline AD severity influenced the treatment outcome in the NILVAD trial and that future clinical trials of nilvadipine should be restricted to mild and very mild AD patients.

Trial Registration: NCT02017340 Registered 20 December 2013, https://clinicaltrials.gov/ct2/show/NCT02017340

EUDRACT Reference Number 2012-002764-27 Registered 04 February 2013, https://www.clinicaltrialsregister.eu/ctr-search/search?query=2012-002764-27

Keywords: mild Alzheimer's disease, nilvadipine, exploratory analysis, cognitive decline, cerebrospinal fluid Aβ42/Aβ40 ratios


INTRODUCTION

Alzheimer's disease (AD) is the most common neurodegenerative disease, affecting nearly 5.3 million US citizens. By 2050, the prevalence of AD is expected to reach 13 million in the United States alone and 100 million worldwide. The presence of amyloid plaques and neurofibrillary tangles in the brain are key hallmarks of AD (1–3) and are also accompanied by cerebrovascular disease, α-synuclein and TDP-43 deposits and inflammation (4–6). Recent clinical trials have shown that moderate AD patients, with established brain amyloid and tau pathologies, do not benefit cognitively from current therapeutic approaches, although some trials have shown potential benefits in mild and early stage AD patients (7–11). Therefore, there is a general consensus that early and mild AD patient populations may be more appropriate for a number of potential therapeutic approaches.

Nilvadipine is a dihydropyridine (DHP) calcium channel blocker currently approved in Europe and Asia as an anti-hypertensive drug. In preclinical studies, we have previously shown that nilvadipine has anti-inflammatory properties that are due to its ability to inhibit spleen tyrosine kinase (Syk), which results in increased Aβ clearance from the brain, lowered Aβ production and reduced tau hyperphosphorylation and inflammation (12–16). As such, nilvadipine may represent a novel, multimodal, disease-modifying therapy for AD. A small clinical trial of nilvadipine in mild cognitive impairment (MCI) patients showed reduced conversion to AD in the subjects treated with nilvadipine compared to those on amlodipine, which, in contrast to nilvadipine, does not penetrate the blood brain barrier (BBB) (17). A phase III multi-center, double-blinded, randomized, placebo-controlled clinical trial was conducted in Europe to test the efficacy of nilvadipine in treating AD (the NILVAD trial). In the NILVAD trial, when analyzed as a single population, combined mild and moderate AD subjects did not benefit from nilvadipine treatment. However, preplanned subgroup analyses indicated that, compared to placebo-treated controls, nilvadipine-treated mild AD subjects (baseline MMSE ≥ 20) showed cognitive benefits whereas moderate AD subjects (baseline MMSE < 20) showed worsening of cognition (18). These findings support further exploration of the treatment effects of nilvadipine in AD patients based on the disease severity at baseline.

The NILVAD cohort was composed of both mild and moderate AD groups which, in other studies (depending on their disease stage at baseline), experience differential cognitive decline (19). These differences in rates (and type) of cognitive decline reflect the sequential spreading of amyloid pathology in different brain regions. For instance, neuronal loss in early AD starts within the medial temporal lobe (MTL), which is primarily involved with memory function. With the advancement of AD, further degeneration occurs within the parietal, frontal, and occipital lobes, which involve language processing and praxis (19). We therefore performed unplanned exploratory analyses of data from the NILVAD trial (18) by further stratifying the study population by baseline AD severity. We also evaluated memory, language and praxis domains by grouping the AD Assessment Scale-Cognitive (ADAS-Cog) 12 subscales, as previously defined by 19. Additionally, we calculated a modified AD Composite Score (ADCOMS) using subscales from the ADAS-Cog 12 and the Clinical Dementia Rating Scale Sum of Boxes (CDR-sb) since such an approach has better sensitivity in detecting cognitive decline in mild AD compared to either test alone (20). In a subset of the study population stratified by AD severity at baseline, we examined cerebrospinal fluid (CSF) biomarkers, including Aβ, phosphorylated tau (ptau), total tau, YKL-40, neurogranin and neurofilament light chain (NFL). We anticipated that these exploratory analyses would help understand the impact of AD severity at baseline on differential response to nilvadipine over the course of an 18-month clinical trial.



METHODS

Study Design and Participants

This 18-month phase III double-blind, placebo-controlled, randomized clinical trial was conducted in 9 countries across Europe [see elsewhere for additional details; (21)] and funded by the European Commission under a Framework 7 Programme Health Theme collaborative project grant. A separate Scientific Advisory Board, an independent Ethics Advisory Board and an independent Data Safety Monitoring Board were involved in the oversight of the trial. The study protocol and associated documents were approved by Research Ethnics Committee and Institutional Review Boards (IRB) for all study sites (see the ethics statement below for the full list of IRB by each country). A written consent for trial participation was obtained following a full explanation of the risks and benefits of the trial to potential participants [see elsewhere for details on the study leaflets; (21)]. A written consent was obtained from patients who had the ability to provide a consent as well as from the caregivers at the screening visit prior to initiating the study process. The procedure for obtaining informed consent from a participant with reduced decision-making capacity was conducted in accordance to the national laws of each country and assessed by the relevant bodies in each country. The sample size calculations for the main trial were based on the mean difference of 3.5 and standard deviation (SD) of 9 between the treated and control groups and as previously described elsewhere (21). The block randomization was performed using an online system hosted by the Clinical Trial Unit at the King's College London. Blocks of varying sizes were used. The randomization was at the subject level and stratified by country site, see elsewhere for more details (21). All study investigators and patients were blinded to the treatment assignment. There were no interim analyses in this trial.

The full details of the inclusion and the exclusion criteria are provided elsewhere (18, 21). Briefly, inclusion criteria for the study required that participants should be over the age of 50 and have a diagnosis of mild or moderate probable AD according to the established guidelines from the National Institute of Neurological and Communicative Disorders and Stroke/Alzheimer's Disease and Related Disorders Association Inc. (NINCDS-ADRDA) and the Alzheimer's Association, and having a baseline Mini-Mental State Examination (MMSE) score of ≥12 and ≤27 (21). A total of 569 subjects were screened for eligibility and 511 were randomized into the trial with 258 were assigned to the placebo group and 253 assigned to the nilvadipine group, of which one dropped out due to blood pressure measurements being out of range, leaving 252 in this group. Of these 510 subjects, 11 were lost to follow-up and 2 withdrew consent, leaving 497 subjects in the modified intention-to-treat (mITT) dataset, see 18 for additional details. Data from subjects in the mITT set were used for these additional exploratory analyses below. At baseline, each subject was randomly assigned to either 8 mg of Nilvadipine or placebo once a day, and each study subject was required to take the capsule orally after breakfast for 78 weeks. The primary outcome measures were the 12-item Alzheimer's Disease Assessment Scale–cognitive sub-scale 12 (ADAS-Cog 12) and the Clinical Dementia Rating scale sum of boxes (CDR-sb), and these tests were administered at four time-points (baseline, and weeks 13, 52, and 78).



Cerebrospinal Fluid Biomarker Measurements

Cerebrospinal fluid samples were available for 94 subjects at baseline but both before and after treatment were available for 55 subjects. Collection of CSF collection was performed using a standardized sub-study protocol described elsewhere (22). Briefly, CSF collection by lumbar puncture was carried out between the screening and the baseline visit (within the 21-day window) and at the treatment termination (between 78 and 82 weeks). The lumbar puncture was performed using routine antiseptic cleansing and anesthesia with the patient in a reclining/sitting position. The lumbar puncture was performed using a Spinal Needle Quincke Type Point 0.7 × 75 mm (75–90 mm) that was inserted between L3/L4 or L4/L5 interspaces. Approximately 10 ml of CSF was collected in 15 ml polypropylene tubes. After gentle mixing, samples were centrifuged at 2,000 × g for 10 min at 4°C to remove cells and debris, and then 1ml aliquots were prepared using polypropylene cryovials and subsequently frozen at −80°C until further use. Levels of Aβ38, Aβ40, and Aβ42 were quantified using the Meso-scale discovery (MSD) platform as previously described (23). Levels of total tau and ptau (P181) were measured using commercially available sandwich ELISA kits (INNOTEST; Fujirebio) as per the manufacturer's instructions and as previously described (23). All analyses were performed by board-certified laboratory technicians blinded to clinical information. We applied CSF biomarker criteria using total tau (>350 pg/ml) and P181 tau (>60 pg/ml) cut-offs as defined by (24). An Aβ42/Aβ40 ratio cut-off of <0.82 was used based on the concordance figures with amyloid PET imaging (Blennow, unpublished data) to compare baseline values with the clinical AD diagnosis. In this subsample, approximately 91% of clinically diagnosed AD subjects also met CSF biomarker criteria for AD. This subset was representative of the whole study population with respect to sex, AD severity and APOE ε4 carrier status. Additional CSF biomarker measurements included YKL-40, NFL and neurogranin and these analyses were performed as previously described elsewhere (25–27).



APOE Genotyping

Apolipoprotein E genotypes were available on a subset of subjects (n = 328). The Gentra Puregene Kit (Gentra Systems) was used to purify DNA from frozen whole blood according to the manufacturer's instructions and as previously described. The EzWay Direct APOE Genotyping Kit, (Koma Biotechnology), was used in accordance with the manufacturer's instructions; specifically amplified DNA fragments corresponding to different APOE alleles were separated by electrophoresis in a Ethidium Bromide stained 2% metaphor and 1% agarose gel. All genotypes were then verified using rapid PCR with high-resolution melting analysis according to the manufacturer's instructions (Novallele Genotyping).



Statistical Analyses

General demographic characteristics across AD subgroups by treatment within the modified intent to treat (mITT) dataset were compared using either ANOVA or the Chi-square test, as applicable. Mixed linear model (MLM) regression was used to examine the main effects and the interactions between treatment, time (time points of study visits at 13, 52, and 78 weeks) and AD severity at baseline. As we were interested in the independent contributions of the baseline AD severity and treatment effect over time on the cognitive outcomes, these analyses were also adjusted to account for the confounding effects of gender and ε4 carrier status (coded as those with the presence of ε4, without ε4 and those with no genotype information since not all mITT subjects had APOE genotypes available) and the confounding effects of age at which subjects left education (referred to as “education” hereon). To account for the treatment effect modification observed in the subgroup analyses, this model also included interactions between time and APOE; treatment and APOE; time, treatment and APOE; time and gender; treatment and gender; and time, treatment and gender. Interactive terms were also included for education and time and for treatment and education to account for education imbalance across AD severity subgroups. All of these variables were considered fixed factors. Subjects and country were treated as random factors. The autoregressive covariance structure was used in these MLM analyses. The outcome variables included change in the total ADAS-Cog 12 scores and change in composite scores from the ADAS-Cog 12 for different cognitive traits, CDR-sb and the ADCOMS.

We also applied Principal Component Analysis (PCA) to minimize multicollinearity and achieve dimension-reduction for data on sub-scales from the ADAS-Cog 12 and CDR-sb for all visits. This method was used as an unsupervised procedure for achieving data-reduction and for identifying treatment responses in subgroups of subjects based on their baseline AD severity. The Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy and Bartlett's test for sphericity were used to ensure adequacy for PCA analysis (KMO value of > 0.6 and Bartlett p-value < 0.05). Variables with eigenvalues of ≥1 were retained and PCA components (Factors) were extracted using varimax with Kaiser normalization for rotation in order to simplify and clarify the data structure. Individual ADAS-Cog 12 and CDR-sb sub-scales having a correlation of >0.4 within each PCA factor were then grouped according to their association with a specific factor identified by PCA and then labeled as factors 1 through 4 (Figure 2B). These composite variables were used as the outcome measures for further analysis by MLM as described above. Post-hoc stratification was performed if the interaction terms for treatment, time and baseline AD severity showed a p-value ≤ 0.05.

Changes in CSF levels of Aβ38, Aβ40, Aβ42, total tau and P181 tau were calculated by subtracting values of the samples collected at the final visit from the baseline visit for each subject. Given the small sample size for the CSF subset, group comparisons using ANOVA were limited to mild (MMSE ≥ 20) and moderate (MMSE < 20) AD severity categories only. P-values ≤ 0.05 were considered significant and all analyses were conducted using SPSS version 24 (IBM, NY).




RESULTS

Exploratory Analyses for Subgroup Identification

The objectives of these exploratory analyses were to identify a subset of subjects who may have responded differentially to nilvadipine intervention and to facilitate hypothesis development for future studies. The exploratory analyses of the NILVAD trial were restricted to the co-primary outcome measures of ADAS-Cog 12 and CDR-sb. Using a data-driven approach, the mild AD group was further stratified by single point increases in the baseline MMSE scores ranging from 20 to 25 and above. From these results, we generated additional AD subcategories where the AD group with baseline MMSE score > 20 from the NILVAD dataset was further stratified into mild AD (MMSE scores from 20 to 24) and very mild AD (MMSE scores ≥ 25). The moderate AD group (baseline MMSE scores of ≤ 19) was defined as in the original study (18). Demographic characteristics of the AD subgroups stratified by treatment are presented in Table 1. Figure 1 shows ADAS-Cog-12 change from baseline stratified by MMSE scores of the original mild AD group. The nomenclature of mild and very mild AD was adopted in accordance with (28). These analyses also explored the potential impact of nilvadipine treatment on cognitive sub-scales of the ADAS-Cog 12 and CDR-sb tests. The ADAS-Cog 12 sub-scales are: immediate word recall, delayed recall, naming, following commands, constructional praxis, ideational praxis, orientation, word recognition, remembering test directions and instructions, spoken language, comprehension and word finding difficulty in spontaneous speech. The sub-scales of CDR-sb are: memory, orientation, judgment and problem solving, community affairs, home and hobbies and personal care. In addition, ADAS-Cog 12 sub-scales were further grouped into specific traits for memory, language and praxis based on the topography of tissue loss in AD depending on the stage of the disease, as previously suggested by 19. Using this strategy, sub-scales related to each trait were grouped together to generate a composite variable for each trait (Figure 2A). We also calculated a modified AD Composite Score (ADCOMS) using the partial least square (PLS) coefficients previously described elsewhere (20, 29). The ADCOMS is increasingly being used in clinical trials to capture the broad cognitive impairment, particularly in early stage and MCI patient groups. The ADCOMS contains a list of selected items from the ADAS-Cog 12, CDR-sb and the MMSE. In particular, the ADAS-Cog 12 items were: delayed word recall, orientation (for time, place and person), word recognition and word finding difficulty; the CDR-sb items were: personal care, community affairs, home and hobbies, judgment and problem solving, memory and orientation (time, place and person). Normally, for ADCOMS, two additional items are included from the MMSE tests: copying a drawing and orientation for time. However, as we had no follow-up MMSE and as there was no direct drawing equivalent in the ADAS-Cog 12, we could only substitute the orientation item for the missing MMSE orientation item. The numerical equivalency of the derived MMSE score was simply generated by multiplying the ratio of the maximum possible orientation scores for the MMSE and the ADAS-Cog 12 (i.e., 5/8).


Table 1. Demographic breakdown of the study population by baseline AD severity.
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FIGURE 1. Further stratification of the mild AD group by increasing the increment of MMSE scores by 1 starting from ≥20 up to ≥25. Mean ± SE (for MMSE ≥ 20 n = 154 for nilvadipine and n = 157 for placebo; ≥21 n = 125 for nilvadipine and 136 for placebo; ≥22 n = 103 for nilvadipine and n = 117 for placebo; ≥23 n = 70 for nilvadipine and n = 99 for placebo; ≥ 24 n = 57 for nilvadipine and n = 68 for placebo; ≥25 n = 36 for nilvadipine and n = 44 for placebo). Mean change from baseline for the total ADAS-Cog 12 scores show the least decline among nilvadipine-treated subjects compared to placebo-treated subjects with MMSE score of ≥25.
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FIGURE 2. Grouping of ADAS-cog and CDR-sb sub-scales to examine specific cognitive traits (A) Sub-scales of the ADAS-cog 12 test were grouped based on traits for memory, language and praxis to account for the topography of tissue loss in AD depending on the stage of disease. (B) Sub-scales of the ADAS-cog 12 and the CDR-sb were analyzed by PCA, which resulted in grouping of sub-scales into four factors that explained most of the variance in the dataset. Composite variables were then generated, which included sub-scales identified in each factor by PCA, and were named factors 1 through 4. Note, factor 1 also contains the orientation sub-scale from the ADAS-Cog in addition to the ones from the CDR-sb.




Changes in the ADCOMS and the Total ADAS-COG 12 Score in Response to Nilvadipine Treatment Are Modified by Baseline Severity of AD

We explored whether baseline AD severity modifies the treatment effect of nilvadipine on cognitive decline assessed using the ADCOMS and the ADAS-Cog 12. We observed that the treatment effect of nilvadipine on cognitive decline using the ADCOMS was modified by the baseline severity of AD over the intervention period (F = 2.16, p = 0.046, Figure 3). Post-hoc stratifications showed less cognitive decline on the ADCOMS in very mild AD subjects (p = 0.04 at 78 weeks), no change in mild AD subjects (p > 0.05) and a greater decline in moderate AD subjects (p = 0.03 at 78 weeks) who were treated with nilvadipine compared to their respective placebo treated groups. Similarly, baseline AD severity also modified the treatment response to nilvadipine on cognitive decline detected using the total ADAS-Cog 12 score (F = 2.56, p = 0.02, Figure 3). In post-hoc comparisons, very mild AD subjects had a trend for less cognitive decline observed on the ADAS-Cog 12 test (p = 0.06 at 52 weeks) and moderate AD subjects had a greater decline on nilvadipine treatment (p = 0.02). There were no differences on the total ADAS-Cog 12 scores between nilvadipine- and placebo-treated individuals from the mild AD group (p > 0.05). There were no differences on the CDR-sb total score with respect to the disease severity and treatment (data not shown). Compared to placebo, nilvadipine treated very mild AD individuals performed better on the ADCOMS over 78-weeks irrespective of the ε4 status or gender (Supplementary Figure 1).


[image: Figure 3]
FIGURE 3. Data on ADCOMS and ADAS-Cog 12 test. Nilvadipine-treated very mild AD subjects show less cognitive decline compared to controls on the ADCOMS and the ADAS-Cog 12 tests. Mean ± SE [n = 82 for moderate AD (MMSE ≤ 19) on nilvadipine, n = 94 for moderate AD on placebo, n = 118 for mild AD (MMSE 20-24) on nilvadipine, n = 113 for mild AD on placebo, n = 36 for very mild AD (MMSE ≥ 35) on nilvadipine and n = 44] for very mild AD on placebo for the change in ADAS-Cog 12 scores. There was a significant effect for the interaction between treatment, time and baseline AD severity as assessed by MMSE scores after correcting for the confounding effects of APOE, gender and education, p < 0.05. (A) Stratifications show that very mild AD subjects treated with nilvadipine have lower scores on the ADCOMS and the ADAS-Cog 12 compared to placebo after 78 weeks. post-hoc analysis stratified by time show a significant treatment effect at 78 weeks for the ADCOMS. (B) Mild AD subjects treated with nilvadipine scored similarly to their placebo controls on both the ADCOMS and the ADAS-Cog 12 (C). However, moderate AD subjects treated with nilvadipine scored higher on both the ADCOMS and the ADAS-Cog 12 at 78 weeks compared to those on placebo. *p < 0.05.




Responses to Nilvadipine on Memory and Language Traits of the ADAS-COG 12 Depend on the Baseline Severity of AD

In order to explore the effects of nilvadipine on cognitive domains that are differentially affected by AD severity, we examined the ADAS-Cog 12 sub-scales grouped as memory, language and praxis traits. These analyses showed that, over the study period, baseline AD severity influenced the treatment response to nilvadipine on the memory trait (F = 2.18, p = 0.04, Figure 4A). Post-hoc stratifications showed that compared to placebo treatment, very mild AD subjects treated with nilvadipine had less decline in the memory trait (p = 0.04 at 52 weeks). There were no differences for the memory trait between nilvadipine- and placebo-treated mild AD subjects, while a non-significant decline on the memory trait was noted for moderate AD subjects treated with nilvadipine compared to placebo. Baseline AD severity also influenced the response to nilvadipine on the language trait (F = 2.1, p = 0.05, Figure 4B) and post-hoc stratifications showed less decline in the language trait for the nilvadipine-treated mild AD group only (p = 0.03 at 52 weeks). There was no influence of AD severity on treatment effects on the praxis trait (p > 0.05, Figure 4C). Similar results were seen with unsupervised PCA of ADAS-Cog 12 and CDR-sb subscales (Supplementary Table 1 and Supplementary Figure 2).


[image: Figure 4]
FIGURE 4. Nilvadipine treatment effects on cognitive traits. Very mild AD subjects show less decline on the memory trait, whereas mild AD subjects show less decline on the language trait, after nilvadipine treatment compared to placebo. Mean ± SE (n = 82 for moderate AD on nilvadipine, n = 94 for moderate AD on placebo, n = 118 for mild AD on nilvadipine, n = 113 for mild AD on placebo, n = 36 for very mild AD on nilvadipine, n = 44 for very mild AD on placebo) for the change in memory, language and praxis traits of grouped ADAS-cog 12 sub-scales. (A) There was a significant effect for the interaction between treatment, time and baseline AD severity on the memory trait. post-hoc stratifications by time show that very mild AD subjects treated with nilvadipine had significantly less decline on the memory trait compared to their controls. (B) There was also a significant interaction between treatment, time and baseline AD severity for the language trait. post-hoc stratifications by time show that mild AD subjects treated with nilvadipine had less decline on the language trait compared to the placebo-treated mild AD subjects. (C) There was no effect seen for the praxis trait. *p < 0.05.




Nilvadipine Treatment Differentially Modulates CSF Biomarkers Depending on AD Severity

We examined CSF biomarkers to determine whether treatment response to nilvadipine can be detected using AD biomarkers (see Supplementary Table 2 for baseline demographics of the CSF subcohort stratified by mild and moderate AD severity). Changes in CSF Aβ42/Aβ40 ratios were significantly different across nilvadipine- and placebo-treated mild and moderate AD subjects (F = 3.55, p = 0.02, Figure 5A). Post-hoc analyses showed that CSF Aβ42/Aβ40 ratios showed a significant reduction in moderate AD subjects treated with nilvadipine compared to the placebo group (p < 0.05). A trend for an increase in CSF Aβ42/Aβ40 ratios was observed in mild AD cases treated with nilvadipine compared to placebo (p = 0.067). Figures 5, 6 show group differences between nilvadipine- and placebo-treated mild and moderate AD subjects for CSF Aβ38 (F = 2.98, p = 0.04), total tau (F = 6.29, p < 0.01), and P181 tau (F = 4.30, p < 0.01). Post-hoc analyses showed that in the moderate AD group, nilvadipine treated subjects had significant increases in CSF Aβ38, total tau and P181 tau after nilvadipine treatment (p < 0.05). In addition, YKL-40 and neurogranin significantly differed between moderate AD placebo and nilvadipine treated subjects (Supplementary Figure 3).


[image: Figure 5]
FIGURE 5. Cerebrospinal fluid Aβ biomarkers. Ratios of CSF Aβ42/Aβ40 increase in nilvadipine-treated mild AD but decrease in moderate AD patients compared to their respective placebo groups. (Mean ± SE n = 9 for moderate AD on nilvadipine, n = 12 for moderate AD on placebo, n = 14 for mild AD on nilvadipine, n = 20 for mild AD on placebo). (A) Ratios of Aβ42/Aβ40 were higher in mild AD treated with nilvadipine compared to those treated with placebo (p = 0.067). There was a significant decrease in Aβ42/Aβ40 in moderate AD treated with nilvadipine compared to placebo. Also in moderate AD subjects, levels of (B) Aβ38 and (C) Aβ40 were elevated and (D) Aβ42 levels were unchanged in moderate AD subjects treated with nilvadipine. Levels of Aβ42 were non-significantly higher in mild AD treated with nilvadipine. *p < 0.05.



[image: Figure 6]
FIGURE 6. Cerebrospinal fluid tau biomarkers. Total tau and P181Tau levels were increased in nilvadipine-treated moderate AD patients compared to their respective placebo groups. (Mean ± SE n = 9 for moderate AD on nilvadipine, n = 12 for moderate AD on placebo, n = 14 for mild AD on nilvadipine, n = 20 for mild AD on placebo). Levels of (A) total tau and (B) P181 tau were increased in moderate AD subjects treated with nilvadipine. In mild AD subjects, total tau or P181 tau did not differ between nilvadipine-treated and placebo control groups.*p < 0.05.





DISCUSSION

Many clinical trials in combined populations of mild and moderate AD patients have failed to show overall cognitive benefits. Frequently, the same drugs that have failed in combined mild and moderate populations have suggested cognitive benefits for subjects in mild AD (7–10, 30), when the extent of amyloid and tau pathologies are considerably lower than in moderate AD (31–33). Exploratory analyses of the NILVAD dataset presented here show similar findings where a lower rate of cognitive decline was only seen in the very mild AD group. This effect was detectable primarily on memory related outcome measures that are affected early in the disease process of AD. In addition, the reduced rate of cognitive decline in this group corresponded with a high ratio of CSF Aβ42/Aβ40 after nilvadipine treatment whereas the worsening of cognition in the moderate AD group corresponded with a low ratio of CSF Aβ42/Aβ40. These exploratory studies require further examination to better understand why nilvadipine treatment appears to alter the disease course in very mild AD.

Our current study shows that, compared to their respective placebo groups, the nilvadipine treated very mild AD group experienced less cognitive decline whereas the nilvadipine treated moderate AD group experienced a greater cognitive decline on the ADAS-Cog 12 test and on the ADCOMS. We did not observe an effect of nilvadipine treatment on the changes in CDR-sb. Studies have shown that while the ADAS-Cog 12 test is useful at estimating progression in mild stages of AD, the CDR-sb test is a global impression scale designed for staging of dementia rather than quantifying cognitive change over time. It is therefore possible that the CDR-sb lacks the desired sensitivity to detect subtle cognitive changes due to high test-retest variability for detecting cognitive differences (34, 35). Furthermore, since disease progression in AD differs by the initial stage of the disease, it has also been argued that the ADAS-Cog 12 and CDR-sb tests alone do not have the desired sensitivity to detect subtle changes in cognitive decline that occur in mild AD subjects. Recently, Wang and colleagues developed a composite variable, ADCOMS, which uses subscales from the ADAS-Cog 12 test, the MMSE and the CDR-sb to identify their relative contributions to AD progression (20). This composite outcome includes both cognitive and functional measures. Many clinical trials now incorporate the ADCOMS as it seems to be sensitive at detecting treatment effects in the early stages of AD (36, 37). The use of the ADCOMS (modified to accommodate the absence of MMSE sub-scales) demonstrated reduced cognitive decline in very mild AD subjects treated with nilvadipine.

Subjects in different stages of AD demonstrate differential decline in memory, language and praxis traits. These traits can be mapped to the underlying brain tissue loss in AD in different stages of the disease. Our exploratory analyses of these cognitive traits suggest that benefits of nilvadipine were restricted to the memory trait in very mild AD subjects. In mild AD cases, we observed a reduced decline for the language trait in nilvadipine-treated subjects. There were no effects of nilvadipine on the praxis trait for any of the AD subpopulations. In the moderate AD group, there was no specific domain accounting for the overall decrement in ADAS-Cog 12 with nilvadipine treatment, but rather there were trends for decline in all cognitive domains. Over the 18 months, placebo-treated very mild AD subjects showed a significant decline in memory. This is to be expected, as initially, functional memory is well preserved in very mild AD subjects but then lost rapidly with disease progression. The language trait remained largely preserved in very mild AD subjects treated with placebo but continued to decline further in mild and moderate AD placebo groups. The praxis trait further declined in moderate AD on placebo with minimal decline in both very mild and mild AD on placebo. This is again to be expected as loss of praxis generally occurs after the loss of memory function as AD progresses. Collectively, these data may be another example where use of appropriate cognitive domains relevant to the stage of AD might improve our ability to evaluate treatment effects in AD clinical trials.

Correlative studies of amyloid imaging with CSF Aβ levels show that the decrease in CSF Aβ42 is an early event in AD pathogenesis (33). Recent clinical studies have shown that CSF Aβ42/Aβ40 ratios have a better concordance with amyloid Positron Emission Tomography (PET) imaging for biomarker-based diagnosis of AD than using either Aβ42 or Aβ40 alone (38), and that this ratio is consistently low in AD subjects with high brain amyloid deposition (38, 39). In the present study, in mild AD patients, CSF Aβ42/Aβ40 ratios increased following nilvadipine treatment and this was due to an increase in Aβ42. This would suggest increased clearance of Aβ42 from brain to CSF which is consistent with preclinical studies showing that nilvadipine improves Aβ clearance across biological barriers (13). By contrast, a decline in CSF Aβ42/Aβ40 ratios after nilvadipine treatment in moderate AD subject was due to increases in Aβ40. The decline in CSF Aβ42/Aβ40 corresponded with the worsening of cognition after nilvadipine treatment in this group. As stated above, given that one of the potential mechanisms of action of nilvadipine is to increase Aβ clearance from the brain, the observations of increased CSF Aβ40 and Aβ38 in moderate AD subjects treated with nilvadipine could be interpreted as increased clearance of these shorter Aβ species, rather than Aβ42, from the brain. This may also suggest that removal of Aβ40 and Aβ38 rather than Aβ42 from the brain may be detrimental in the late stages of AD. The proposed clearance of Aβ from the brain is consistent with the results from a NILVAD substudy showing increased cerebral blood flow in the hippocampus after nilvadipine treatment (40), an idea supported by studies showing links between impaired cerebral blood flow corresponding with reduced Aβ clearance from the brain (41). Total tau and P181 tau were increased after nilvadipine treatment in moderate AD subjects. Interestingly, placebo-treated mild and moderate AD subjects showed a decline in total tau and ptau, which is unexpected, but has been previously reported in a longitudinal study of AD subjects (42). Together, biomarker data from this NILVAD trial suggest that cognitive improvement in mild AD subjects after treatment with nilvadipine corresponds to an increase in CSF Aβ42/Aβ40 ratios, whereas worsening of cognition in moderate AD subjects is paralleled by a decrease in CSF Aβ42/Aβ40 ratios and higher total tau, ptau, YKL-40 and neurogranin levels. However, there are some limitations since biomarkers such as amyloid PET imaging data were not available when this clinical trial was designed and initiated. Future studies of nilvadipine in early stage AD subjects should incorporate CSF biomarkers and PET imaging in order to assess the clinical impact on key pathological markers of AD.



CONCLUSION

With failures of most AD trials to satisfy efficacy criteria in mixed AD populations, exploratory analyses of existing trial data are justified and necessary to understand lack of efficacy and to identify sub-populations that may have benefited from interventions. The NILVAD trial was designed for the analysis of a mixed mild and moderate AD population and further stratification of the study population into very mild, mild and moderate AD was unplanned and therefore exploratory. As such, these subgroup analyses were underpowered, particularly when considering the confounding effects of gender and APOE. Nevertheless, analyses adjusted for these factors continue to suggest that very mild AD subjects responded positively to nilvadipine on both the ADAS-Cog 12 and the ADCOMS. Furthermore, analyses of the ADAS-Cog 12 sub-scales demonstrate that beneficial effects on memory and language traits were associated with nilvadipine treatment in very mild and mild AD patients, respectively. Together, findings from this clinical study and CSF biomarker analyses suggest a differential response to nilvadipine treatment in AD related to the severity of the disease at treatment initiation. These findings are also consistent with the results of several other experimental AD treatments where only very early stage AD subjects demonstrated benefit, such as Solanezumab (7, 10, 30), aducanumab (8), and LipiDiDiet trials (9). Consequently, the Alzheimer's therapeutic field is increasingly targeting the early stages of AD (43). Finally, possible benefits in the very mild AD group identified by these exploratory analyses warrant further studies of nilvadipine treatment in very mild, prodromal or even preclinical AD patients.
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Supplemental Figure 1. Evaluation of APOE and gender effects. Changes in total ADAS-Cog 12 stratified by baseline AD severity and APOE ε4 carrier status and gender. Mean ± SE (n = 32 for moderate AD on nilvadipine, n = 33 for moderate AD on placebo, n = 47 for mild AD on nilvadipine, n = 48 for mild AD on placebo, n = 15 for very mild AD on nilvadipine, n = 19 for very mild AD on placebo). (A) Moderate non-carrier AD subjects treated with nilvadipine showed decline in the ADAS-Cog 12 and ADCOMS over the 78-week period, whereas mild or moderate ε4 carrier AD subjects treated with nilvadipine scored similarly to their placebo controls. (B) Very mild male and female showed less decline compared to their respective controls on ADAS-Cog 12 and ADCOMS over the 78 week period. However, female moderate AD patients declined more compared to male moderate AD patients and its respective placebo group for these outcome measures over the 78 week study period.

Supplemental Figure 2. An Examination of nilvadipine treatment effects using PCA. Nilvadipine-treated mild and very mild AD groups show less decline for PCA Factors 2 and 3, respectively. Mean ± SE (n = 82 for moderate AD on nilvadipine, n = 94 for moderate AD on placebo, n = 118 for mild AD on nilvadipine, n = 113 for mild AD on placebo, n = 36 for very mild AD on nilvadipine, n = 44 for very mild AD on placebo) for the change in Factors 1, 2, 3, and 4. (A) There were no differences between any of the groups for Factor 1. (B) A marginally significant interaction between time, treatment and AD severity was observed for Factor 2, p = 0.07, and subsequent stratifications show that only mild AD subjects treated with nilvadipine had less decline compared to their placebo controls. (C) There was a significant interaction between time, treatment and AD severity for Factor 3, p < 0.05. (D) There were no significant differences seen between groups for Factor 4.

Supplemental Figure 3. Other CSF biomarkers. Additional CSF biomarker changes in nilvadipine-treated moderate AD patients compared to their respective placebo groups. (Mean ± SE n = 9 for moderate AD on nilvadipine, n = 12 for moderate AD on placebo, n = 14 for mild AD on nilvadipine, n = 20 for mild AD on placebo). Levels of (A) neurogranin, (B) YKL-40 and (C) NFL in placebo and nilvadipine treated mild and moderate AD patients. Levels of neurogranin and YKL-40 were elevated in moderate AD subjects treated with nilvadipine compared to placebo. Levels of NFL did not differ in any of the subgroups of mild and moderate AD subjects treated with nilvadipine compared to placebo. *p < 0.05.

Supplemental Table 1. Factors identified by PCA from ADAS-Cog 12 and CDR-sb subscales.

Supplemental Table 2. Demographic characteristics of subjects in CSF substudy.
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Microglia originate from myeloid progenitors in the embryonic yolk sac and play an integral role in central nervous system (CNS) development, immune surveillance and repair. The role of microglia in multiple sclerosis (MS) has been complex and controversial, with evidence suggesting that these cells play key roles in both active inflammation and remyelination. Here we will review the most recent histological classification of MS lesions as well as the evidence supporting both inflammatory and reparative functions of these cells. We will also review how microglia may yield new biomarkers for MS activity and serve as a potential target for therapy.
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INTRODUCTION: MICROGLIA IN DEVELOPMENT AND DISEASE STATES

Microglia populate the CNS during embryonic development and are believed to derive from myeloid precursors in the yolk sac, making them distinct from monocyte derived macrophages (1). They play a crucial role in refining synaptic networks through pruning, developmental apoptosis, positioning of neurons in the barrel cortex, and secretion of growth factors (2–6). Microglia are also now recognized to be sexually dimorphic with implications for diseases that are more common in one gender like autism (7). Mutations in the microglia specific gene Colony Stimulating Factor 1 Receptor (CSF1R) have been shown to underlie the newly defined diseases pediatric onset leukoencephalopathy with congenital absence of microglia and adult onset leukoencephalopathy with axonal spheroids and pigmented glia, further illustrating the integral nature of these cells to the normal development and maintenance of the CNS (8, 9).

Microglia in the homeostatic state were classically designated by a distinct morphology characterized by delicate branches, previously referred to as “resting state” (1). However, this term is no longer favored since these cells actively survey the CNS environment and quickly respond to signs of neuronal distress (10). When “activated” during pathological states, microglial morphology changes to resemble the typical amoeboid appearance of a macrophage and yet, morphology alone does not accurately reflect activation (1, 11). Various cell surface markers have been explored in order to differentiate microglia from macrophages and identify microglia in the homeostatic state (Table 1). Cell surface markers including transmembrane protein 119 (TMEM119) and purinergic receptor P2Y12 are emerging as more reliable markers of microglial state under pathological conditions (12, 13). The previously favored dichotomy of proinflammatory (M1) and anti-inflammatory (M2) microglia is no longer considered valid since evidence now indicates that microglial phenotypes are transient and demonstrate temporal and spatial evolution (1, 11, 14). An intriguing new phenotype, deemed “dark microglia,” has also been discovered that may play a role in pathological remodeling of neuronal circuits (15). Variations in genetic expression within CNS tissue types adds another layer of complexity in assessing microglial activity in inflammatory disorders. For example, new data indicates that there is higher expression of type I interferon and complement genes in gray matter and higher expression of NF-κB inhibitor genes in white matter (16).


Table 1. Markers indicating microglial state.

[image: Table 1]

Aside from the genetic diseases mentioned above, microglia have increasingly been implicated in neurodegenerative diseases, including Alzheimer disease, Parkinson disease, amyotrophic lateral sclerosis, and multiple sclerosis (17–21). Within the context of MS, “classically activated” microglia are thought to be critical for phagocytosis of myelin, antigen presentation to T cells and release of proinflammatory cytokines in active lesions (22). In experimental autoimmune encephalomyelitis (EAE) models, microglial paralysis has been shown to both delay EAE onset and reduce clinical severity (23). In addition to the role microglia play in inflammatory lesion formation, they are equally crucial for clearing myelin debris and enabling remyelination which reflects a change to an “alternatively activated” or anti-inflammatory state (24). And yet as MS shifts into the progressive phase, microglia are again implicated in the slow expansion of chronic lesions. These lesions, detectable on phase contrast imaging, are thought to result from a complex compartmentalized inflammatory process behind an intact blood brain barrier (22). However, these lesions have not been routinely assessed in clinical trials and have not been targeted for treatment as of yet.

Increasingly, the role of microglia is recognized as a key player in not only MS pathology but multiple inflammatory and degenerative diseases. A better understanding of the complex activities of these cells and identifying ways to either target or harness their activity is likely to have application across a wide spectrum of neurodegenerative disorders.


Histological Classification of MS Lesions

Active MS lesions, typically found in early relapsing remitting MS (RRMS), are characterized by diffuse infiltration with microglia, peripheral macrophages, T lymphocytes and plasma cells (25, 26). These lesions can be either demyelinating or post-demyelinating depending on the presence of intracytoplasmic myelin breakdown products (25). Early demyelinating lesions contain microglia/macrophages with both minor myelin proteins (MOG, CNP and MAG) as well as major myelin proteins (MBP and PLP) (25). Late demyelinating lesions demonstrate only major myelin proteins (25). Active lesions are heterogenous and can be subdivided into four distinct patterns (pattern I, II, III, and IV) based on criteria first described by Lucchinetti et al. (26). Pattern I is the “standard” active lesion with the basic features mentioned above. Pattern II lesions are distinguished by evidence of immunoglobulin and complement deposition. Pattern III lesions show a selective loss of MAG and oligodendrocyte apoptosis. Pattern IV lesions demonstrate non-apoptotic loss of oligodendrocytes and were only observed in primary progressive MS (PPMS) patients in the original study (26). Cortical demyelinating lesions, which can be subdivided into leukocortical, subpial, and intracortical lesions, were first described in secondary progressive MS (SPMS) and PPMS but are now known to also be a feature of the very earliest stages of MS (27, 28). Lesions with evidence of remyelination, also known as “shadow plaques,” are distinguished by the presence of thin myelin sheaths and are more common alongside active lesions. Tumefactive MS lesions mostly resemble typical active MS lesions but can have Creutzfeldt cells that can be misinterpreted as mitotic figures but actually represent reactive astrocytes with fragmented nuclear inclusions (29). Tumefactive lesions are largely overrepresented in post-mortem pathology studies in MS since it is usually the tumefactive appearance of lesions that prompts either biopsy or autopsy.

Mixed active/inactive lesions, also termed “smoldering,” “slowly expanding,” or “chronic” are defined by a hypocellular lesion center surrounded by a rim of activated macrophages/microglia (25, 30). A higher proportion of this type of lesion, along with total lesion load, correlate with greater severity of disease (31). Inactive lesions have few microglia, loss of mature oligodendrocytes and begin to show evidence of axonal loss. These lesions predominate in patients with a long disease duration or non-active SPMS. The criteria for lesion types in MS is summarized in Tables 2, 3.


Table 2. Criteria for lesion activity.

[image: Table 2]


Table 3. Criteria for evidence of demyelination.
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The two main differential diagnoses for demyelinating lesions are acute disseminated encephalomyelitis (ADEM) and neuromyelitis optica spectrum disorder (NMOSD). ADEM has cortical microglial aggregates but unlike MS, they are not associated with cortical demyelination, and the inflammatory infiltrate includes macrophages, lymphocytes, and granulocytes (32). NMOSD pathology is dominated by loss of aquaporin 4 immunoreactivity, loss of astrocyte markers such as glial fibrillary associated protein and a vasculocentric deposition of IgG, IgM, and terminal complement components (29). Microglial infiltration and lipid laden macrophages are detected in NMOSD but smoldering lesions with activated microglial rims do not appear to be a feature of this antibody mediated inflammatory disorder which is a disease of relapses and does not have a progressive phase like MS (29).



Microglia and MS Pathogenesis

The initial pool of phagocytic cells in an early MS lesion is comprised of roughly 40% microglia as measured by the marker TMEM119, which is expressed exclusively on microglia and not on macrophages (13, 33). Peripheral macrophages are increasingly recruited as the lesion progresses (33). Virtually none of the microglia in an active lesion are homeostatic, as determined by the presence of P2RY12, an ADP receptor that is specific for the ramified processes of microglia seen in the resting state (33–35). Even in the normal appearing white matter of MS patients there are nodules of activated microglia, but whether these microglia are homeostatic or activated is debatable since one study showed a loss of P2RY12 but another showed unaltered P2RY12 gene expression (16, 33). The significance of these nodules of activated microglia remains unclear since they either represent the earliest stage of MS or the by-product of Wallerian degeneration from an upstream lesion (14). The regional heterogeneity of microglia, which had originally been reported in mice, was also found to have a disease specific manifestation in progressive MS patients who demonstrate an upregulation of genes involved in lipid processing in normal appearing white matter and iron homeostasis in normal appearing gray matter (16, 36). This demonstrates that metabolic changes in microglia that mirror MS pathology are detectable in the absence of demyelinating lesions and highlight the differential inflammatory processes seen in white and gray matter in MS.

Active demyelination is usually associated with a pro-inflammatory microglia phenotype (positive for p22phox, CD68, CD86, and Class II MHC antigens) while anti-inflammatory markers (CD206, CD163, ferritin) peak in the inactive lesion center (33, 37). In multiple animal models, internalization of myelin by microglia leads to a pro-regenerative phenotype expressing arginase-1, CD206, and insulin-like growth factor-1 (IGF-1) which facilitates oligodendrocyte differentiation and is necessary for remyelination (34, 38–41). Evidence in humans points to the involvement of microglia in balancing bone morphogenetic protein 4, which may impede remyelination, and its antagonist Noggin, which is more highly expressed in remyelinated lesion areas (42).

Interestingly, microglia in the normal human brain have an intermediate activation state (reduced P2RY12 and the presence of CD68) which is different than the homeostatic state found in animal models. These findings suggest that microglia in humans may differ from other species perhaps due to higher levels of systemic inflammation at time of autopsy (14, 33). In the MS brain, microglia from normal appearing white matter were found to be unresponsive to lipopolysaccharide (LPS) and had other evidence of diminished inflammatory responsiveness, despite their activated phenotype (43).

MS susceptibility genes were recently found to be more frequently associated with microglia function than neurons or astrocytes (44). These intriguing findings place microglia at the center of MS pathogenesis. Mutations in CSF1R, a key microglial specific gene which is associated with other leukoencephalopathies, has not been associated with MS pathology and sequencing of CSF1R in MS patients did not identify any relevant mutations (45).



Neuroimaging Methods To Detect Microglial Activation

Some progress has been made in developing neuroimaging approaches to corroborate microglial activity seen in animal models and post mortem tissues. These developments are key to improving the ability to quantify microglial activation in vivo, assess longitudinal changes and determine how to monitor responses to disease modifying therapy.

Translocator Protein (TSPO) is located in the outer mitochondrial membrane and is upregulated in activated microglia (46, 47). Positron emission tomography (PET) imaging with radiotracers that target TSPO have been used in humans. The tracer 11C-(R)-PK11195 has shown high binding of TSPO in acute MS lesions as well as the normal appearing white matter of clinically isolated syndrome (CIS), RRMS and SPMS (46, 48–52). This binding decreases in both acute lesions and normal appearing white matter after treatment with highly effective therapies such as natalizumab (48, 49). Whole brain 11C-(R)-PK11195 binding potential also decreased after 1 year of treatment with glatiramer acetate in both cortical gray matter and cerebral white matter (53). Fingolimod reduced 11C-(R)-PK11195 binding within the combined T2 lesion area after 6 months of treatment but not in the areas of normal appearing white matter or gray matter (54). Higher binding in the normal appearing white matter has been shown to be more common in SPMS compared to RRMS and associated with greater white matter disruption as measured by lower fractional anisotropy and higher clinical disability (55). The binding potential of 11C-(R)-PK11195 surrounding T1 black holes was found to correlate with EDSS in progressive patients but not relapsing patients (50). A different tracer, [11C]DPA713, showed persistent elevation in the cortex and normal appearing white matter of MS patients despite DMT (56). Baseline distribution volume ratio in the normal appearing white matter using the radioligand 11C-PBR28 was correlated with enlarging T2-hyperintense lesion volumes in RRMS patients and brain atrophy in SPMS patients (57).

The other method employed to monitor microglia is quantitative susceptibility mapping (QSM) assessed with MRI. QSM detects high tissue susceptibility at the rims of MS lesions that correlates with the distribution of iron positive microglia (58). The iron rims detected by QSM are thought to represent slowly expanding lesions related to pro-inflammatory microglia as seen on post mortem tissue. However, QSM can lack specificity, as areas of high susceptibility have also been attributed to myelin loss (58). In vivo studies have shown that lesions with rims show significant expansion over time compared to lesions without rims (59). Patients with active RRMS have more lesions with rims than patients with stable disease (60, 61). Rim lesions can persist for years and are associated with higher conversion to T1 black holes (62).

The interaction between QSM and TSPO was explored in a study that found that 11C-(R)-PK11195 uptake was higher in rim positive lesions compared to rim negative lesions and this was also confirmed with post mortem immunohistochemistry for iron containing CD68 positive cells (63). These findings suggest that QSM detectable rims do contain activated microglia. The major factors limiting the use of TSPO PET for routine clinical testing include patient exposure to radioactivity, genetic polymorphisms that affect binding of the tracer, and potential lack of specificity because peripheral macrophages and astrocytes can also upregulate TSPO (64, 65). In addition, TSPO expression in human microglia has also been reported to be reduced in response to pro-inflammatory stimulation with LPS and interferon gamma, which is the exact opposite of the increased expression seen in mouse microglia, raising concerns about the specificity of TSPO as a marker of microglial activation (66).

Other new intriguing PET radiotracers that have currently only been studied in animal models include P2X7 which is a trimeric ATP-gated cation channel found predominantly, but not exclusively, on microglia, P2RY12, and sphingosine 1 phosphate receptor (SIPR) (67). P2X7 is thought to be associated with proinflammatory microglia and is upregulated during pathological states. The P2X7 antagonist, GSK1482160, radiolabeled with carbon-11 showed increased accumulation in the brains of LPS treated mice and in the lumbar spinal cord of EAE mice suggesting it is a sensitive marker of inflammation (67). P2RY12 would be a good marker of homeostatic microglia but so far the only tracer studied, 11C-2, showed only in vitro binding in the mouse brain and rapid plasma metabolism making it less attractive for use in humans (67). S1P receptors are the target of the MS disease modifying therapy fingolimod, whose therapeutic benefit is thought to be due to peripheral effects on circulating lymphocytes. But S1P receptors are also found on activated microglia and the use of 11C-TZ3321, an S1P receptor antagonist, showed higher uptake in the lumbar spinal cord of EAE rats, making it an interesting target to monitor inflammation (67).



Emerging Microglia Biomarkers

Given the limited specificity and clinical limitations of imaging modalities to detect and monitor microglial activity, other approaches are being developed to serve as better biomarkers. Proteomics is one approach that may offer more informative biomarkers of microglial activity in body fluids with the added the ability to assess cell specific processes in living patients. New advances in “cell specific” proteomics have been developed and tested in MS that provide markers of the cell of origin, greatly increasing the utility of these measures (68). Using a predetermined multiplex proteomic scan, CSF of MS patients yielded elevated astrocytic and microglial markers which were correlated with disease severity as measured by two clinical metrics (Age Related MS Severity and MS Disease Severity Scale). These approaches await validation on a larger scale but offer an attractive option for disease monitoring and discovery science (68).

In a similar vein, the proteomics of extracellular vesicles (EVs) are also being explored as a source for MS biomarkers. EVs are lipid bilayer particles naturally released from cells and although previously thought to be solely a method for protein, lipid and RNA elimination they are now also considered a means of intercellular communication (69). Elevated levels of EVs have been found in MS patients compared to healthy controls originating from various types of cells including monocytes, lymphocytes, and endothelial cells (70). Microglia-derived EVs were recently found to be present in tears, mirroring their levels in CSF (71). Given that a separate analysis of activated genes in the CSF and tears of MS patients revealed activation of TGFB1, the study authors hypothesize that extracellular vesicles may be able to communicate nuclear information and insert it into target cells (71). It would be a great advance to have a readily accessible biofluid such as tears that carried so much information about molecular cross-talk but further validation of these methods is needed prior to clinical implementation.

Lastly, soluble CD163, which is a receptor for haptoglobin-hemoglobin complexes, is secreted in the serum by monocytes but in the CNS likely arises from both macrophages and microglia (72). When incorporated into a panel alongside established MS biomarkers (CXCL13 ratio, neopterin ratio, CSF level of neurofilament light polypeptide, IgG index, and serum level of osteopontin) it improved the diagnostic specificity for differentiating MS patients from symptomatic controls and revealed unique profiles for each subtype of MS (72).



Microglia as Therapeutic Targets

Current disease modifying therapies (DMT) have been shown to have a modest effect on microglia and are divided into indirect and direct effects (73, 74). Interferon beta and glatiramer acetate exert an indirect effect by inducing a Th2 shift in lymphocyte profile thereby reducing the pro-inflammatory phenotype of microglia (73, 74). Interferon beta suppresses interferon gamma induced MHC class II expression on microglia but paradoxically increases the production of inflammatory mediators such as TNF-α, IL-1β, IL-6, and NO (75, 76). Glatiramer acetate reactive T cells isolated from treated MS patients promoted an alternatively activated phenotype in microglia through indirect effects (77). In vitro studies of dimethyl fumarate show inhibition of LPS-induced activation of microglial cells by reducing the expression of TNF-α, IL-1β, IL-6, and NO, likely through activation of the Nrf2 pathway (78). Teriflunomide exerts an indirect effect on microglia through its primary action on lymphocytes but in vitro studies indicate that it may reduce microglial proliferation without modulating the microglial phenotype (79). Fingolimod probably has the most direct effect of any DMT given that it can access the CNS and binds directly to S1P receptors on microglia, also leading to downregulation of TNF-α, IL-1β, and IL-6 (80). There is also evidence that fingolimod may augment microglial related remyelination (81). Natalizumab does not appear to have any clear effect on microglia, except as evidenced by the prior discussed TSPO studies, but alemtuzumab seems to indirectly affect microglia through increased production of brain-derived neurotrophic factor, platelet derived growth factor and ciliary neurotrophic factor from reconstituting lymphocytes (82). There are no documented studies regarding the effect of B-cell depleting agents, such as rituximab or ocrelizumab on microglia. In summary, many of the currently available DMTs have effects on microglia by decreasing inflammatory tone. Interestingly, these mostly anti-inflammatory therapies have limited if any, effects on remyelination or progressive disease.

Minocycline is an antibiotic that is currently not approved for use as a DMT in MS. However, there is significant preclinical evidence that minocycline impairs microglial activation thereby reducing the severity of disease in the EAE model (34). Reflecting the contrasting effects of microglia in CNS inflammation, decreased microglial activation may also contribute to a reduced remyelination potential by oligodendrocytes in this setting (39). In clinical trials, minocycline reduced the rate of conversion from clinically isolated syndrome to MS, and demonstrated a benefit on multiple efficacy endpoints including annualized relapse rate when added to glatiramer, but had no effect when added to interferon beta (83–85).

Emerging therapies targeting microglia directly are now being be investigated in the EAE model with promising results. PLX5622 is an oral CSF1R antagonist that inhibits its kinase activity and was shown to preferentially deplete microglia of the M1 phenotype, reduce demyelination, preserve mature oligodendrocytes, and improve mobility in EAE mice (86). Ethyl pyruvate is a redox analog of dimethyl fumarate and was shown to reduce Iba1+ microglia within the CNS and protect against EAE (87). A peptide vaccine therapy (PADRE-Kv1.3) that targets potassium channels on T cells was tested in EAE and led to reduced levels of IL-17, IFN-γ, and IL-1β, decreased numbers of infiltrating microglia, and promoted a shift in the phenotype of microglia from pro-inflammatory (expressing iNOs) to anti-inflammatory (expressing Arginase-1) (88).




CONCLUSION

Microglia play complex roles in multiple sclerosis related disease activity. They are present throughout all stages of lesion formation as a driver of inflammation, they are detectable in slowly expanding lesions linked to disease progression and they are present diffusely throughout the cortex and contribute to synaptic loss (Figure 1). In contrast, microglia also play important roles in remyelination and in limiting inflammatory responses. The previous classification of M1/M2 or “good” or “bad” microglia fail to capture the complexity and subtly of microglial activity which changes rapidly in response to local conditions as well as tissue type. It is intriguing that many of the newly discovered MS risk genes are highly expressed in microglia. Fully elucidating the downstream effects on microglial function may help to shed light on their role in modulating or exacerbating inflammatory activity in the CNS. Emerging biomarkers should help to track the activity of these vital cells and lead us closer to more targeted therapies, not only in MS but in other neurodegenerative disorders such as Alzheimer and Parkinson Disease in which microglia have been implicated. Ultimately, these approaches will need to maintain the delicate balance of all aspects of microglial function in preserving brain homeostasis and health.
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FIGURE 1. Role of microgila in MS pathology.
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Neuroinflammation commences decades before Alzheimer's disease (AD) clinical onset and represents one of the earliest pathomechanistic alterations throughout the AD continuum. Large-scale genome-wide association studies point out several genetic variants—TREM2, CD33, PILRA, CR1, MS4A, CLU, ABCA7, EPHA1, and HLA-DRB5-HLA-DRB1—potentially linked to neuroinflammation. Most of these genes are involved in proinflammatory intracellular signaling, cytokines/interleukins/cell turnover, synaptic activity, lipid metabolism, and vesicle trafficking. Proteomic studies indicate that a plethora of interconnected aberrant molecular pathways, set off and perpetuated by TNF-α, TGF-β, IL-1β, and the receptor protein TREM2, are involved in neuroinflammation. Microglia and astrocytes are key cellular drivers and regulators of neuroinflammation. Under physiological conditions, they are important for neurotransmission and synaptic homeostasis. In AD, there is a turning point throughout its pathophysiological evolution where glial cells sustain an overexpressed inflammatory response that synergizes with amyloid-β and tau accumulation, and drives synaptotoxicity and neurodegeneration in a self-reinforcing manner. Despite a strong therapeutic rationale, previous clinical trials investigating compounds with anti-inflammatory properties, including non-steroidal anti-inflammatory drugs (NSAIDs), did not achieve primary efficacy endpoints. It is conceivable that study design issues, including the lack of diagnostic accuracy and biomarkers for target population identification and proof of mechanism, may partially explain the negative outcomes. However, a recent meta-analysis indicates a potential biological effect of NSAIDs. In this regard, candidate fluid biomarkers of neuroinflammation are under analytical/clinical validation, i.e., TREM2, IL-1β, MCP-1, IL-6, TNF-α receptor complexes, TGF-β, and YKL-40. PET radio-ligands are investigated to accomplish in vivo and longitudinal regional exploration of neuroinflammation. Biomarkers tracking different molecular pathways (body fluid matrixes) along with brain neuroinflammatory endophenotypes (neuroimaging markers), can untangle temporal–spatial dynamics between neuroinflammation and other AD pathophysiological mechanisms. Robust biomarker–drug codevelopment pipelines are expected to enrich large-scale clinical trials testing new-generation compounds active, directly or indirectly, on neuroinflammatory targets and displaying putative disease-modifying effects: novel NSAIDs, AL002 (anti-TREM2 antibody), anti-Aβ protofibrils (BAN2401), and AL003 (anti-CD33 antibody). As a next step, taking advantage of breakthrough and multimodal techniques coupled with a systems biology approach is the path to pursue for developing individualized therapeutic strategies targeting neuroinflammation under the framework of precision medicine.
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INTRODUCTION

Alzheimer's disease (AD) is the most commoncause of neurodegenerative dementia. According to current estimates, 17% of people aged 75–84 years in the United States have AD, and the disease costs the country US$236 billion per year. The prevalence is projected to triple by 2050 to >15 million, with annual costs of >$700 billion (1). There is an urgent need for developing pharmacological treatments with a disease-modifying effect to halt the disease at its earliest preclinical stage where brain and cognitive functions can still be preserved (2, 3). Indeed, drugs currently available on the pharmaceutical market (i.e., acetylcholinesterase inhibitors and non-competitive N-methyl-D-aspartate antagonists) have been approved for a symptomatic effect only and for the dementia stage of AD (4).

The acknowledged pathophysiological hallmarks—(I) extracellular deposition of amyloid beta (Aβ), (II) intracellular aggregates of tau proteins, ultimately called neurofibrillary tangles (NFT), and (III) neurodegeneration—have been integrated in research diagnostic criteria (5–8).

The hypothesis-free biomarker-guided “A/T/N” classification scheme was introduced to categorize subjects based on core AD hallmarks (9). The A/T/N scheme is anticipated to provide consistent recruitment of individuals and target engagement among various different sites in AD clinical trials. Even though the A/T/N classification scheme provides crucial pathophysiological insights, it offers a partial depiction of the spectrum of pathomechanistic modifications of AD (10, 11).

The increasing animal and in-human evidence for the upstream role that neuroinflammation may play in AD has posed several conceptual therapeutic concerns and open up new avenues for preventing AD cognitive decline.

The pathophysiological mechanisms of multifactorial and polygenic AD are not limited to the neuronal tissue; they are related to cerebral immunological responses (12). Indeed, brains of patients with AD and other neurodegenerative diseases (ND) show chronic inflammation (13). Neuroinflammation is as an innate immunological response of the nervous system that comprises microglia, astrocytes, cytokines, and chemokines, which play a central role in an early phase of AD pathogenesis (12, 14). The key contribution of inflammation in the AD pathophysiology has been hypothesized more than 20 years ago (12, 15–17). Recent studies demonstrate that this early disease-aggravating central nervous system (CNS) inflammation starts decades before the appearance of severe cognitive decay or AD (18–20). Along this line, different longitudinal studies show that inflammation and microglial activation occur years before AD onset (21–23). Furthermore, there is a strong link between neuroinflammation and amyloid and tau accumulation in the human brain (23–26).

The acknowledged cell mediators of inflammatory mechanisms in AD are microglia and astrocytes (12). In general, these cells play a substantial role in neural transmission and synapse remodeling, as they facilitate the removal of non-essential synapses by eradicating inadequate connections (27, 28). Thus, the efficiency of neuronal transmission is increased.



NEUROINFLAMMATION AND CELL MEDIATORS OF INFLAMMATORY MECHANISMS IN ALZHEIMER'S DISEASE


The Role of Microglia and Astrocytes in Alzheimer's Disease Synaptic Dysfunction

Synapses exhibit a quad-partite arrangement that consists of an axon terminal, a dendritic spine put in direct communication with a microglial and an astrocytic process (29). Astrocytes and microglia—the brain-resident macrophages—play a key role in neural circuit development and synaptic homeodynamics during adulthood. Astrocytes are essential for supporting synaptogenesis (axonal and dendritic spines sprouting) and regulating synaptic robustness (30–32). Astrocytes also contribute to the spatiotemporal integration of several synaptic signals and regulate the synaptic transmission (33, 34). Microglial cells play a key role in the immune surveillance of the presynaptic microenvironment and also for the synaptic remodeling toward axonal and dendritic terminals pruning by reshaping proteolytic and phagocytic processes. Microglial cells are able to recruit astroglia, or they can be recruited by the latter (30–32, 35). They are thought to drive the well-known age-related regional synaptic vulnerability, as recently reported (36). Indeed, an age-related ultrastructural and functional shift of microglia cells is associated with increased synaptic susceptibility and neurodegeneration (35).

Therefore, astrocytes and microglia express physiological properties essential for synaptic transmission, the accurate modulation of neural and synaptic plasticity, and both synaptic adaptation and homeostasis (30–32).

In summary, it is well-established that microglia and astrocytes take part in aberrant molecular pathways that, ultimately, reflect AD pathomechanistic alterations, i.e., brain proteinopathies, synaptic failure, loss of brain plasticity, neuroinflammation, axonal damage, and neurodegeneration (37–41).



The Role of Microglia

Microglial cells, arising from the mesodermal (myeloid) lineage (42), are the main category of macrophages in the CNS parenchyma. They express a large assortment of receptors that recognize exogenous or endogenous CNS insults and initiate an immune response. Besides their typical immune cell role, microglial cells protect the brain by stimulating phagocytic clearance and providing trophic sustenance to preserve cerebral homeostasis and support tissue repair. When circumstances related to loss of homeostasis or tissue alterations occur, then many dynamic microglial mechanisms are triggered, leading to the “activated state” of microglia (43). These encompass cellular morphology modifications, changes in the secretory profile of molecular mediators, and increased proliferative responses (44). A persistent homeodynamic imbalance, such as brain accumulation of Aβ, can trigger a step further in activation, referred to as “priming” (37). Priming of microglia is directed by alterations in their microenvironment and the release of molecules guiding their proliferation. Priming makes microglia inclined to secondary inflammatory stimulating factors, which can then elicit amplified inflammatory reactions (37).

Activated microglia is a typical pathophysiological feature of AD and other ND (12, 43, 45). Two main types of microglia cells are present in the brain, “resting” (or “quiescent”) and “active” microglia. In particular, there is evidence for the high degree of heterogeneity of microglial activation in the CNS, which can be categorized into two opposite activation phenotypes: M1 and M2 (43, 46, 47). According to the phenotype activated, microglia can generate either cytotoxic or neuroprotective effects (46). The M1 or “proinflammatory” phenotype (classically activated) displays proinflammatory cytokines and nitric oxide. It decreases the release of neurotrophic factors, thus exacerbating inflammation and cytotoxicity (43). In contrast, the M2 or “anti-inflammatory” phenotype (alternatively activated) displays anti-inflammatory cytokines, increased expression of neurotrophic factors, and several other signals involved in downregulation, protection, or repair processes in response to inflammation (43). Preliminary evidence from experimental studies suggests that the phenotypic transformation of the activated M1/M2 functional states (“phenotypic switching”) (48, 49) can be determined by both the stage and the severity of the disease. In preclinical models, M1 microglia seems to prevail at the injury site, at the end stage of disease, and once inflammation resolution and repair processes of M2 microglia are diminished (46).

In light of the increasing evidence that the modality by which microglia is activated is a continuum between proinflammatory (M1) and anti-inflammatory (M2) phenotypes, the M1/M2 “dichotomy” (or “polarization” scheme) is still disputed. Actually, it seems possible that the global process of microglia activation represents a much larger heterogeneous spectrum of very dissimilar responses (43).

Experimental models of AD demonstrate that microglia cluster around plaques, likely via chemotactic mechanisms, and may contribute both in Aβ (39, 44) clearance and in limiting the growth and further accumulation plaques (39, 44). Moreover, the dysregulation of microglia activity, including dystrophic microglia, may be either a trigger, or a worsening factor, or both, of the seeding of aberrant protein aggregates in the brain (39, 44).

In AD, during inflammation, there is a transition from the resting to the active functional state of microglia that, at a general level, might be the consequence of stress or depressive-like behavior (50). At a molecular level, inflammation is promoted by the presence of Aβ aggregates, including oligomers and fibrils (51–54). Indeed, microglia can bind to soluble Aβ oligomers and insoluble Aβ fibrils through cell surface receptors, including the class A1 scavenger receptor (SCARA1), cell surface cluster of differentiation (CD) markers (CD36, CD14, and CD47), the α6β1 integrin, and the Toll-like receptors (TLRs) (55–58). A key point within the scientific debate is represented by a recent evidence indicating that microglia displays either beneficial or harmful effects throughout the beginning and advancement of AD (45). This is strictly related to the nature of the major activities: (I) clearance of Aβ or (II) release of proinflammatory mediators. In early AD pathogenesis, Aβ oligomers and fibrils gather in the extracellular space and elicit a pathological cascade resulting in neuronal apoptosis and depletion. Microglia eliminate Aβ peptides and dying/dead cells through phagocytosis (59, 60). Besides clearance of Aβ oligomers and fibrils, microglia surrounds plaques and fibrils likely creating a physical barrier that can prevent their spreading and toxicity (61). Aβ clearance is also stimulated by the release of numerous proteases participating in Aβ degradation (62). In spite of the advantageous actions of early activation of microglia cells, their chronic activation by Aβ is detrimental and induces protracted inflammation and disproportionate Aβ deposition, thus rushing neurodegeneration (Figure 1). During AD pathogenesis, the production and release of proinflammatory cytokines and other detrimental components are intensified. In addition, the typical phagocytic action of microglia is decreased. Moreover, the microglial-dependent release of apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) modulates the diffusion of the pathology within and between cerebral areas (63). Extracellular vesicles—constituted by microvesicles and exosomes and released by reactive microglia—play a role in AD pathogenesis (64) (Figure 1). Finally, microglial cells are able to regulate AD pathogenesis via active interaction with neurons, astrocytes, and oligodendrocytes. Indeed, activated microglial cells induce altered astrocytes via proinflammatory cytokines (Figure 1). These astrocytes can rush and aggravate neuronal and oligodendrocytes death (65).
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FIGURE 1. Multifaceted functions of microglia during Aβ pathology. In healthy brain and early stages of AD, microglia clear small aggregates of Aβ peptides by phagocytosis and by secreting proteolytic enzymes, such as IDE, neprilysin, and MMP9. During advanced AD, microglia exacerbate AD pathology by releasing proinflammatory cytokines that induce neuronal cell death as well as A1 astrocytes, which, in turn, affect neuronal survival. Moreover, during advanced AD, microglia-derived ASC specks and EVs promote seeding of Aβ aggregates. Aβ, amyloid beta; AD, Alzheimer's disease; ASC, apoptosis-associated speck-like protein containing a CARD; C1q, complement component 1q; EVs, extracellular vesicles; IDE, insulin degrading enzyme; IL-1β, interleukin-1 beta; MMP-9, metalloprotease-9; TNF-α, tumor necrosis factor-alpha. From Wang and Colonna (45). Copyright© 2019, Society for Leukocyte Biology. Reprinted with permission from Wiley.


The still open question is to understand the specific contributions of neuronal and glial cells in the early phase of inflammation in preclinical AD. Aβ1−42 oligomers have a major role in synaptic depletion and gradual cognitive deterioration (66, 67). They induce neuroinflammation and neurodegeneration by stimulating the microglia to produce and release proinflammatory cytokines (14, 68) and also by interfering with the synthesis of anti-inflammatory cytokines, for instance the transforming growth factor-beta 1 (TGF-β1) (Figure 2) (69–71). This early proinflammatory process is characterized by neuronal and microglia-derived cytokines and chemokines as well as by mobilization of microglia toward Aβ-burdened neurons (Figure 2) (19, 72). In addition to Aβ, extracellular non-phosphorylated tau, rather than hyperphosphorylated tau (p-tau), activates the p38 mitogen-activated protein kinase (MAPK) pathway, eliciting a proinflammatory reaction (73).
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FIGURE 2. Role of neuroinflammation in AD pathogenesis: impairment of neurotrophin signaling. Aβ1−42 oligomers promote neuroinflammation and neuronal death in AD brain by eliciting the release of proinflammatory cytokines (IL-1β and TNF-α) from microglia and also interfering with the synthesis of anti-inflammatory cytokines such as TGF-β1. TNF-α inhibits microglia phagocytosis of Aβ and stimulates γ-secretase activity, thus facilitating Aβ accumulation and microglia-mediated neuroinflammation. Proinflammatory microglial activities promote neuronal death also through the formation of ROS and RNS. Neuroinflammatory phenomena can finally contribute to the pathogenesis of AD by impairing neurotrophin signaling function: (I) reducing the synthesis of BDNF and TGF-β1 and (II) causing an impairment of NGF metabolic pathway characterized by a reduced conversion of proNGF to biologically active mNGF and by an increased degradation of mNGF promoted by MMP-9. Aβ, amyloid beta; Aβ1−42, 42-amino acid-long amyloid beta peptide; BDNF, brain-derived neurotrophic factor; IL-1β, interleukin-1 beta; MMP-9, metalloprotease-9; NGF, nerve growth factor; mNGF, mature nerve growth factor; proNGF, precursor of the nerve growth factor; RNS, reactive nitrogen species; ROS, reactive oxygen species; TGF-β, transforming growth factor-beta; TNF-α, tumor necrosis factor-alpha.




The Role of Astrocytes

Astrocytes, differently from microglia and similarly to neurons and oligodendrocytes, arise from the neuroectoderm (74). These cells promotes synaptogenesis (axonal and dendritic spines sprouting), regulates the synaptic strength, take part in the spatial–temporal integration of multiple synaptic processes, and modulate the neurotransmission. Hence, astrocytes execute a variety of physiological activities, in both developing and adult brain, that are essential for synaptic plasticity and a solid and organized cognitive activity (74). Of note, astrocytes modulate Ca2+-dependent signaling pathways that are crucial for hippocampal synaptic function and plasticity (75, 76). Indeed, depending on the fluctuations of intracellular Ca2+ concentrations, they release gliotransmitters, such as glutamate, D-serine, and ATP, which have feedback actions on neurons (77). Moreover, each astrocyte wraps several neurons, thus interacting with hundreds of neuronal dendrites (78) and connecting with up to two million synapses in the human cortex (79). This kind of interconnectedness indicates that each astrocyte creates a hub to facilitate the integration of the information (74). Moreover, remodeling of astrocytes promotes neuroprotection and recovery of injured neural tissue (80, 81). Along with microglia activation, hypertrophic reactive astrocytes gather around Aβ plaques as reported in human postmortem studies (82) as well as in animal models (83). Like microglia, astrocytes are also activated by tissue injury, infection, and inflammation (84). In AD, after exposure to Aβ, astrocytes release various proinflammatory molecules, such as cytokines, interleukins (ILs), complement components (85–87), nitric oxide, and other cytotoxic compounds, ultimately amplifying the neuroinflammatory response.

Human neuropathological studies conducted on AD brains report the presence of cytoplasmic inclusions of non-fibrillar Aβ in astrocytes, supposed to reflect a phagocytic engulfment from extracellular Aβ deposits (86). In addition, rodent models of AD indicate the ability of astrocytes to uptake and clear Aβ in subjects bearing cerebral fibrillar aggregates and diffuse plaques (16, 17, 33, 86). Conversely, the shutdown of astrocyte-mediated homeodynamics is associated with increased Aβ plaque burden and synaptic terminals dystrophy (68). This enhanced phagocytic activity may represent a compensatory mechanism to incipient increased Aβ accumulation to neutralize its induced toxicity.




GENES MODULATING NEUROINFLAMMATION IN ALZHEIMER'S DISEASE

Genome-wide association studies (GWAS) allowed the detection of more than 40 susceptibility gene variants associated with a bigger risk of developing late-onset AD (88). These results include genes associated with immune reaction (in particular, ABCA7, CD33, CLU, CR1, EPHA1, HLA-DRB5-HLA-DRB1, and MS4A). The relevance of neuroinflammation is further sustained by recent large-scale GWAS showing that the risk of developing late-onset AD is substantially more elevated in individuals with rare variants of microglial immunoreceptors: TREM2, encoding the triggering receptor expressed on myeloid cells 2 protein (89); CD33 (transmembrane receptor CD33), expressed on cells of myeloid lineage (90, 91); and PILRA (paired immunoglobulin-like type 2 receptor alpha) (92).

The receptor protein TREM2 enhances the rate of phagocytosis in microglia and macrophages, modulates inflammatory signaling, and controls myeloid cell number, proliferation, and survival (89). Recent studies show that triggering TREM2 receptor in microglial cells is closely associated with the pathogenesis of AD (93). TREM2 modulates microglial functions (e.g., stimulates the production of inflammatory cytokines) in response to Aβ plaques and tau tangles (94, 95). TREM2 absence enhances amyloid pathology, during early AD; however, this is exacerbated at later stages due to the loss of phagocytic Aβ clearance (94). TREM2 variants cause AD by decreasing the Aβ phagocytic ability of microglia and through the dysregulation of the proinflammatory response of these immune cells (96). Interestingly, the analysis of the existing single-cell transcriptome datasets for human neurons highlights the association of microglia with late-onset AD (97). In addition, the study of regulatory networks of genes showing differential expression in AD brains indicates that immune- and microglia-specific gene modules primarily contribute to AD pathophysiology (98). Finally, Tanzi and colleagues, after exploring the potential role of the cross-talk between CD33 and TREM2 in both neuroinflammation and the cause of AD, propose that TREM2 is working downstream of CD33 to modulate the neuroinflammatory process (99).



ROLE OF NEUROINFLAMMATION IN ADULT NEUROGENESIS AND ALZHEIMER'S DISEASE

Besides the above-mentioned role of Aβ and tau in triggering neuroinflammation, it is assumed that the presence of extracellular tau plays a role in the transition from resting to active microglia. In the resting microglia, the protein fractalkine (CX3CL1), secreted by healthy neurons, binds to the cell receptor (CX3CR1) present in the microglia allowing the maintenance of microglia in the resting state. Tau pathology is shown to be associated with neuroinflammatory processes. On the other hand, microglia could be involved in tau propagation in tauopathies. In this scenario, microglial CX3CR1 acts like a receptor for extracellular tau, since the absence of CX3CR1 impairs the internalization of tau microglia (100). Thus, extracellular tau can compete with CX3CL1 for a common receptor. Microglia cells lacking CX3CR1 are deficient in neuronal CX3CL1 signaling and are not in the resting state. As a result, these active microglial cells could secrete some compounds, such as cytokines, potentially affecting neuronal functions like adult neurogenesis. The absence of the microglial CX3CR1 impairs the synaptic integration of adult born hippocampal granule neurons (101). Mice lacking CX3CR1 show modifications in both microglia and neurons of some cerebral areas, like dentate gyrus. Adult-newborn neurons, in CX3CR1–/– mice, show a deficient synaptic integration in the neuronal network and exhibit a diminished amount of dendritic spines. These display some morphological alterations, since mice lacking CX3CR1 protein have a hyperactive, anxiolytic-like, and depressive-like phenotype (101).

Mainly, all the previous remarks are observed in mouse models, but little is known about the consequences of changes in microglia in humans. Interestingly, CX3CL1 concentrations are reduced in the cerebrospinal fluid (CSF) of AD patients compared to control subjects, thus suggesting that variations in CX3CL1 levels might represent a new target to use in inflammation and AD (102). Two recent different publications describe the consequences, in humans, of having homozygous mutations in the colony-stimulating factor 1 receptor (CSF-1R) gene expressing a cell receptor essential for the development and maintenance of microglia. The consequences are the presence of abnormalities not only in brain structures, like corpus callosum, but also in bones that, in some cases, are overly dense and malformed (103, 104). In the future, it will be interesting to explore possible changes in adult neurogenesis at the dentate gyrus in the autopsy, in the cases of patients with biallelic CSF-1R mutations.



CELLULAR AND MOLECULAR NEUROINFLAMMATORY PATHWAYS IN ALZHEIMER'S DISEASE

Neuroinflammatory pathways and microglial cells activation are associated with neuronal ectopic cell cycle activation (105). In particular, microglial activation induced by Aβ oligomers promotes neuronal ectopic cell cycle events (CCEs) via the tumor necrosis factor-alpha (TNF-α) and the c-Jun kinase (JNK) signaling pathways. Hence, administering of non-steroidal anti-inflammatory drugs (NSAIDs) in AD transgenic mice precludes both microglial activation and stimulation of CCE (105, 106). Two analyses report the capability of ibuprofen to alter the advancement of mild AD (107). However, forthcoming AD clinical trials show no effectiveness in mild dementia individuals, probably because these drugs are administered in a late phase of CNS inflammation. Indeed, recent studies designate initial CNS inflammation as an encouraging target to prevent the advancement of the pathology (19).

Today, it is widely accepted that oxidative stress is strongly associated with the inflammation observed in AD (108). In fact, neuroinflammatory processes can act both as cause and as effect of chronic oxidative stress (Figure 2). In this context, microglia play a pivotal role. Proinflammatory microglial activities may be detrimental in AD due to reactive oxygen and nitrogen intermediate species—ROS and RNS, respectively—leading to oxidative stress-induced neuronal death, which could be further exacerbated by chronic stress (109, 110). Cumulative evidence suggests that microglial inflammation-induced oxidative stress in AD is amplified. In contrast, microglial-mediated clearance mechanisms are not functional (43, 110).

TNF-α exerts a key role in this early proinflammatory process observed in preclinical AD as emerges from preclinical studies in animal models of AD (111–114) as well as from human longitudinal studies (21, 113–115). TNF-α is chronically released during the course of AD pathology, likely by activated microglia, neurons, and astrocytes stimulated by increased levels of extracellular Aβ (111). Aβ oligomeric forms activate microglia with anomalous TNF-α-mediated pathways in mouse models (68). Such an atypical stimulation of cerebral innate immunity is responsible for reduced serotonergic tonus, a primary event in depression due to Aβ, a prodromal symptom of AD (70). On the other hand, TNF-α can stimulate γ-secretase activity, which results in an increased synthesis of Aβ peptides and a further increase in TNF-α release (113, 116). It is hypothesized that this auto-amplified loop in the AD brain can contribute to the maintenance of excessive levels of TNF-α, which could then stimulate Aβ synthesis and neuronal loss, also inhibiting microglia phagocytosis of Aβ (Figure 2) (113, 117). Finally, TNF-α significantly contributes to promote insulin resistance and the following cognitive decline in AD (118, 119). Aβ oligomeric forms prompt peripheral glucose intolerance in mice by activating TNF-α signaling in the hypothalamus (120). Multiple studies detected elevated TNF-α levels in both mild cognitive impairment (MCI) and AD (21, 113). Interestingly, Down syndrome cases with preclinical AD show significant links among augmented levels of plasma TNF-α, Aβ accumulation, and the following cognitive deterioration in the subsequent years (115).

TNF-α exerts its activity by binding two distinct high-affinity receptors (TNF-Rs) placed at the cell surface: TNF-RI, ubiquitously expressed apart from erythrocytes, and TNF-RII, whose expression is limited to myeloid cells, endothelial cells, oligodendrocytes, microglia, astrocytes, and subpopulations of neurons (113). The concentrations of the soluble forms of the TNF receptors (sTNF-RI and sTNF-RII) are typically unaltered in CSF and blood of AD patients compared to controls (21). However, both TNF-α and TNF-RI concentrations are increased in postmortem brains of early-stage AD patients (113). MCI subjects present controversial data; longitudinal studies report associations between TNF-R concentrations and the risk of conversion from MCI to AD (21). Notably, the TNF-α receptor complex and its functional proteins are assumed to play a crucial role since they link neuroinflammatory pathways to amyloid deposition process in a chronically damaging and self-perpetuating way (21).

A strong neurobiological link is also found in the AD brain between the deficit of anti-inflammatory cytokines, such as TGF-β1, and the early proinflammatory process observed in preclinical AD (70). TGF-β1 is a neurotrophic factor whose deficit exerts a key role in AD. A selective impairment of TGF-β1 pathway is present in early AD, both in the AD brain (121, 122) and in AD animal models (71, 123, 124). This deficit seems to critically contribute to neuroinflammation in AD brain. TGF-β1 displays both anti-inflammatory and neuroprotective actions (123, 125) and stimulates Aβ clearance by microglia (126). Furthermore, it exhibits a primary role in synaptic plasticity and memory creation processes, thus supporting the path from early to late long-term potentiation (LTP) (127). We should reconsider the relevance of TGF-β1 in neuroinflammation resulting from microglia activation, contributing to reactivate the neuronal cell cycle in the AD brain (128). According to this scenario, the reactivation of the neuronal cell cycle might be assisted by the disruption of Smad-dependent TGF-β1 pathways. Overall, these studies suggest the potential contribution of the deficit of Smad-dependent TGF-β1 pathway to neuroinflammation and cognitive impairment (70).

Moreover, neuroinflammatory phenomena might impair neurotrophin signaling (Figure 2) and interfere with brain-derived neurotrophic factor (BDNF)-induced neuroprotection (129–131).

Finally, neuroinflammation can exert a primary function in AD pathophysiology by interfering with nerve growth factor (NGF) maturation and function. NGF is a neurotrophic factor essential for the survival and homeostasis of basal forebrain cholinergic neurons whose selective degeneration critically contributes to cognitive decline in AD patients (132, 133). Studies in transgenic animal models of AD indicate that the proinflammatory process—initiated before plaque deposition and promoted by soluble Aβ oligomers—leads to an impairment of NGF metabolic pathway characterized by a reduced conversion of the precursor proNGF to the mature NGF (mNGF) as well as by an increased deprivation of mNGF (18, 132, 134). Neuroinflammatory processes promote an overactivation of metalloprotease-9 (MMP-9), as observed in the brains of Down syndrome patients (132), MCI subjects, and AD patients (135). Increased MMP-9 activity would then facilitate the degradation of mNGF, finally compromising mNGF activity in sustaining the trophic dependence of the cholinergic neurons (132). Notably, a strong correlation is present in Down syndrome cases showing preclinical AD among the plasma TNF-α increase, a deficit in NGF maturation (with grown concentrations of proNGF), and an increased degree of cognitive impairment (115). This study substantiates the key contribution of inflammatory markers (i.e., TNF-α) in combination with plasma Aβ1−42 levels and increased proNGF levels to better predict the worsening of “latent” AD pathology with the consequential cognitive decline in Down syndrome patients (115). The discovery of an imbalance in the metabolic pathway controlling NGF maturation and degradation in Down syndrome/AD patients provides a platform for the identification of novel biomarker candidates as well for the development of disease-modifying drugs. Therefore, drug discovery processes should be directed in the future to develop new drugs that are able to interfere with early CNS inflammation and, at the same time, rescue neurotrophin signaling (e.g., BDNF, NGF, TGF-β1) in the AD brain.



TARGETING NEUROINFLAMMATION IN ALZHEIMER'S DISEASE: EVIDENCE FROM ANIMAL MODELS

Among the different mediators of inflammation explored, TNF-α mediates proinflammatory processes in various ND including AD (136). In normal conditions, TNF-α from glial cells modulates homeostatic activity-dependent regulation of synaptic connectivity (137). On the other hand, this cytokine mediates the disrupting effects of Aβ on LTP in experimental AD. Accordingly, mutant mice lacking TNF receptor type 1 exhibit normal LTP following Aβ application and similar results are obtained with the use of anti-TNF agents including the monoclonal antibody infliximab and thalidomide, which also inhibits TNF-α production (138). Generally, several studies indicate that blocking the TNF-α pathway in AD models is associated with: (I) improvement in memory decline, as tested in different behavioral tests evaluating cognitive function; (II) reduction in immunohistochemical and histopathological markers like formation of Aβ plaques and NFT; and (III) reduction in the number of microglial cells in the AD brain (139).

Similarly to TNF-α, also the proinflammatory cytokine IL-1β mediates the synaptotoxic effects of Aβ peptide (140). Indeed, the interleukin-1 receptor antagonist (IL-1Ra) is able to reverse synaptic plasticity alteration triggered by the administration of the 40-amino acid-long Aβ peptide (Aβ1−40) (141). However, the role of ILs in AD pathogenesis is far more complex since some exert proinflammatory while others exert anti-inflammatory actions. In this frame, it is worth mentioning IL-12 and IL-23 which are increased in CSF in both AD and MCI (142, 143). Notably, genetic ablation of IL-12 and IL-23 or therapeutic approaches directed against IL-12 and IL-23 signal reduce the AD-like pathology, including histopathological and behavioral changes, making them attractive targets for the treatment of AD (144). On the other hand, IL-10 seems to play a protective role since delivery of this cytokine via adeno-associated virus leads to markedly decreased microgliosis and astrogliosis as well as reversed cognitive impairment in transgenic AD mice (145), although the use of a different adeno-associated virus approach generates a different outcome (146).

There is a growing interest on the role of complement and microglia in AD pathology (147). Microglia cells have prominent functions in complement-mediated synaptic pruning, in the postnatal period (148, 149). It is hypothesized that an inappropriate reactivation of this mechanism later in life could result in synapse loss, thus facilitating the progression of ND (150). In this frame, C1q, which mediates the toxic effects of Aβ oligomers on LTP, is increased in synaptic connections before plaque deposition, and inhibition of C1q, C3, or the microglial complement receptor CR3 diminishes phagocytic microglia, resulting in protection against synapse loss (151).

Investigations conducted in transgenic AD mice also address the effects of NSAIDs on amyloid load and inflammation (152). These studies suggest that NSAIDS not only exert neuroprotection through the suppression of inflammatory events but also reduce early amyloid pathology by mechanisms that remain unclear (153). Of note, two selective cyclooxygenase-2 (COX-2) inhibitors are found to be effective in rescuing LTP impairment by synthetic soluble Aβ1−42, whereas the same effect is not achieved with the cyclooxygenase-1 (COX-1) inhibitor piroxicam (154). Similarly, ibuprofen prevents early memory decline in AD model, and this effect is associated with activation of hippocampal plasticity-related genes (155). Overall, these studies indicate that NSAIDs exert neuroprotection and prevent memory decline through the modulation of multiple neuronal pathways (156).



BIOMARKERS OF NEUROINFLAMMATION IN ALZHEIMER'S DISEASE

Most of the failed AD clinical trials—including trials investigating anti-inflammatory compounds—did not assess any biological in vivo identification of AD-related pathomechanistic alterations, thus preventing proof of mechanisms (157) and including a percentage of subject displaying non-AD pathophysiology (158). Therefore, robust biomarkers–drug codevelopment pipelines are strongly recommended for next-generation clinical trials (159).


Fluid Biomarkers of Neuroinflammation in Alzheimer's Disease

Modifications of the concentrations of several cytokines (160–164) and other inflammatory biomarkers associated with either microglia—e.g., soluble TREM2 (sTREM2), monocyte chemoattractant protein-1 (MCP-1), and YKL-40 (165–168)—or astroglia, e.g., YKL-40 (161), are extensively investigated in AD patients. These alterations, potentially, reflect the inflammatory mechanisms within the CNS coupled with the neurodegenerative pathways (11, 166). A recent meta-analysis reports higher concentration of YKL-40, sTREM2, MCP-1, and TGF-β in the CSF of AD patients compared to controls (160). In particular, robust evidence from several studies focus on CSF YKL-40 that shows a fair classificatory capability in differentiating between AD individuals and controls as well as in predicting the progression from the asymptomatic to later prodromal and dementia stages (166–168). However, its function in differentiating subjects with AD and other dementia remains controversial since neuroinflammation seems to be associated with neurodegeneration tout court and not with specific neurodegenerative pathways (12, 169).

The clinical meaning of inflammatory biomarkers in blood needs to be elucidated, as they might represent low-invasive and low-cost screening tools of cerebral inflammatory activity during the early asymptomatic stages of AD (170–172). The main issue concerning the peripheral measurements of inflammatory biomarkers is that they may not directly reflect brain neuroinflammation (163). Nonetheless, IL-6 and IL-1β concentrations are significantly higher in AD compared to cognitively normal controls in four meta-analysis (160–163). IL-1β is a key molecule participating in the inflammatory response, cell proliferation, differentiation, and apoptosis. Some evidence suggest that IL-1β is produced and secreted by microglia cells in response to Aβ deposition, thus resulting in chronic neuroinflammation and, eventually, neuronal disruption, dysfunction, and neurodegeneration (173, 174). A negative correlation between CSF concentrations of this cytokine and cognitive scores has also been described in AD (175). IL-6 levels are associated with the severity of cognitive decline as assessed by Mini-Mental State Examination (MMSE) scores (161). Notably, peripheral IL-6 concentrations positively correlate with the cerebral ventricular volumes (176) and with matched CSF samples (177) in AD. The peripheral modifications of IL-6 levels could begin in the prodromal phase of AD; indeed, a recent meta-analysis highlights the greater IL-6 concentrations in MCI subjects compared to controls (160). In line with these findings, a longitudinal study reports the association of elevated plasma IL-6 levels with a greater risk of cognitive decay, at 2-year clinical follow-up. Other cytokines emerging as candidate peripheral inflammatory biomarkers are IL-2, IL-12, IL-18, and TGF-β (160–163).

Overall, these studies have several biases to consider. First, the risk of misdiagnosis is high since AD and MCI diagnoses are mainly clinical based in the majority of the studies lacking the necessary biomarker information [e.g., cerebral amyloid-positron emission tomography (PET) uptake or CSF Aβ1−42 measurements]. This means that at least 20–25% of the AD patients and MCI subjects enrolled in the previous studies do not have cerebral amyloid deposition (6). Moreover, these studies are cross-sectional without an appropriate follow-up, and this could lead to incorrect MCI diagnosis. Indeed, the clinical picture of MCI is heterogeneous not only with a 10–15% annual rate of developing AD (178) but also with a consistent proportion of individuals who recover, remain stable, or develop ND other than AD (179). In addition, the MCI classification (e.g., amnestic or non-amnestic), which significantly impacts clinical outcome (8, 179, 180), is inadequately specified in most of the studies. Furthermore, data regarding comorbidities—such as cerebrovascular diseases, coronary diseases, atrial fibrillation, periodontitis, and diabetes or concomitant drugs (e.g., non-steroidal inflammatory medications, corticosteroids, statins) that can significantly modify peripheral inflammatory biomarkers—have been rarely reported. For instance, persistent higher plasma levels of IL-1β and IL-6 are observed in relation to cardiovascular diseases as well as atherosclerosis (181, 182). Other potential biases include technical issues: detection methods (e.g., ELISA kits) for inflammatory biomarkers in biological fluids are consistently different among studies as well as sample handling approaches [e.g., measurements on different fluids matrix (plasma or serum) and storage protocols].

In conclusion, neuroinflammation is certainly a relevant pathophysiological mechanism of neurodegeneration in AD. However, we still lack reliable inflammatory biomarkers to be used in a screening context of use. In essence, sTREM2, MCP-1, IL-6, TGF-β, and, particularly, YKL-40 are interesting novel inflammatory CSF biomarkers, but they cannot be proposed in detecting the early asymptomatic phases of AD, as it would be altered with disease-modifying treatments. Prospective observational studies enrolling large cohorts of participants with accurate clinical and biomarker-based characterizations are needed to identify potentially effective inflammatory blood-based biomarkers of AD.



PET Radiotracers Targeting Neuroinflammation in Alzheimer's Disease: State-of-the-Art on Human Studies

There are several genetic association studies highlighting a key role of neuroinflammation in AD by demonstrating the occurrence of specific genetic variations related to immune response in patients with ND including AD (183). As a direct consequence, the possibility of tracking the regional evolution of neuroinflammation and imaging non-invasively the neuroinflammatory process in AD patients opens up exciting novel opportunities to monitor disease progression and, eventually, to explore immune-therapeutic strategies to prevent or decelerate disease progression.

It is interesting to note that it could be possible to assess the neuroinflammatory status by conventional [18F]-fluorodeoxyglucose (FDG)-PET, provided that the whole uptake curve is studied (184). Neuroinflammation can be measured more specifically using targeted radio-ligands for PET imaging—that allow accomplishing the regional in vivo exploration of neuroinflammation—like [11C]-PK11195 (185). A number of studies show alterations in [11C]-PK11195 binding in AD and several other ND (186–189), Parkinson's disease (190), and progressive supranuclear palsy (189, 191), and the distributions of [11C]-PK11195 found in these studies are akin to the well-known distribution of neurodegeneration (e.g., posterior cortical regions in AD). However, one should also note that translocator protein (TSPO) gene polymorphisms can greatly affect binding affinity (192), and TSPO expression is not circumscribed to activated microglia, which can also occur on astrocytes, or endothelial cells (193). In this context, a number of novel TSPO-specific PET radiotracers are currently available, both carbon-11 (i.e., [11C]-PK11195, [11C]-PBR28) and fluoroine-18 labeled [e.g., [18F]-GE-180, [18F]-DPA-714, and [18F]-PBR06], typically used in preclinical investigations (194, 195). In addition, a very recent tracer named [18F]-FEPPA is able to provide a high potential for TSPO-PET in humans (192).

Interestingly, microglia activation is only one (albeit important) part of the chain of events that eventually lead to neuroinflammation and that can potentially be imaged with even more specific tracers. For example, protein misfolding, aggregation, and accumulation may trigger glial response and, therefore, neurotoxicity. To date, the causal relationships between neuroinflammation and other pathogenetic mechanisms of AD is not elucidated yet. PET radiotracers can represent a suitable tool for untangling these dynamics along the roadmap of discovering new targets for anti-inflammatory disease-modifying strategies. In this context, a number of specific PET tracers can target protein aggregates in the brain. For example, the [11C]-Pittsburgh compound-B ([11C]-PIB) is able to bind Aβ fibers (186, 190). Aβ can also be imaged through, e.g., (18F)-labeled derivatives like [18F]-Florbetaben, [18F]-Florbetapir, and [18F]-Flutemetamol (196). In addition, hyperphosphorylation and abnormal aggregation of tau, which is crucial to neuronal activity, can be imaged using definite tracers, using specific ligands: T807, Flortaucipir as well as the phenyl/pyridinyl-butadienyl-benzothiazole/benzothiazolium derivative PBB3 (197, 198). Additionally, tracers [18F]-FA and [18F]-EFA (analogs of 2-fluoroacetate, which can be utilized to inhibit glial cell metabolism) are able to selectively enter the metabolic compartment (199) and may, therefore, be promising candidates for evaluating glial metabolism when thinking of astrocytic response.

Finally, there are other molecular targets that can offer a more exhaustive depiction of in vivo neuroinflammation (200). For example, the cyclooxygenase (COX) enzyme is involved in both inflammation and generation of proinflammatory mediators. In this context, COX-1 radioligands, like [11C]-KTP-Me, show promising results in AD animal models (201). In addition, the cannabinoid receptor type 2 (CB2R) is subject to upregulation in activated microglia in various ND (202), possibly in conjunction with a neuroprotective effect (203), and postmortem studies emphasize the potential of compounds like [11C]-RS-016, which show high specific binding (204). This is emphasizing the role of CB2R as an additional potential target for PET imaging of neuroinflammation, in humans. Further encouraging targets examined in preclinical examinations are the purinergic receptor P2X7 ([11C]-GSK1482160) (205) and the adenosine receptor A2AR (i.e., [11C]-TMSX).




WHY DID ANTI-INFLAMMATORY THERAPY FAIL IN ALZHEIMER'S DISEASE?


Clinical Trials of Anti-inflammatory Drugs in Alzheimer's Disease

NSAIDs have long been hypothesized to play a protective role in AD. This assumption is reinforced by several cohort analyses. A recent meta-analysis including 16 investigations demonstrate that present or previous utilization of NSAIDs is linked to a decreased relative risk of AD (0.81; 95% confidence interval, 0.70–0.94) (206). Despite the observational epidemiological data suggesting a protective effect of NSAIDs and the evidence for a biologically plausible role for anti-inflammatory treatment, all placebo-controlled trials of a wide range of anti-inflammatory agents (NSAIDs, corticosteroids, and others) in both mild-to-moderate AD patients (Table 1) and MCI subjects (Table 2) are negative. Studies in cognitively normal subjects at risk of developing AD are also negative (Table 3). The first, large primary prevention study of naproxen and celecoxib [Alzheimer's Disease Anti-inflammatory Prevention Trial (ADAPT)] has been prematurely interrupted for cardiovascular safety concerns after the enrollment of 2, 528 subjects in the study and their treatment for a median time of 2 years. The study is not able to support the hypothesis that either drugs could postpone AD beginning in adults with a family history of dementia (227). A subsequent 2-year, primary prevention trial [Impact of Naproxen Treatment in Pre-symptomatic Alzheimer's Disease (INTREPAD)] has been used to compare the effects of naproxen and placebo on the Alzheimer Progression Score (APS) in 195 cognitively normal older persons with a positive family history of AD (226). Over time, the APS scores progressively increase to a similar extent in both study groups, thus suggesting that naproxen does not provide any benefit over placebo in slowing the progression of presymptomatic AD.


Table 1. Double-blind, randomized, placebo-controlled trials using anti-inflammatory drugs in mild-to-moderate AD patients.
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Table 2. Double-blind, randomized, placebo-controlled trials using NSAIDs in MCI individuals.
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Table 3. Double-blind, randomized, placebo-controlled primary prevention trials using NSAIDs in AD.
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Stage-Dependent Neuroinflammatory Process in the Alzheimer's Brain

In spite of emerging epidemiological evidence, all large, longstanding, randomized, placebo-controlled investigations aiming at attenuating cerebral inflammation in AD display negative outcomes. The fact that anti-inflammatory therapies are not able to safeguard patients with overt dementia has been debated. Actually, a trial recruiting MCI individuals highlights that rofecoxib could rush the conversion to AD (223). Moreover, a primary prevention study involving celecoxib and naproxen in cognitively healthy elderly individuals showing family history of AD has been terminated in advance due to the existence of negative or harmful effects generated by the drugs (225, 228). Additional longstanding, controlled studies examining anti-inflammatory drugs, including tarenflurbil in mild AD patients (220), prednisone (217), and celecoxib (208) in mild-to-moderate AD patients, report the presence of detrimental consequences vs. placebo. NSAIDs negative and/or harmful effects, documented in AD, MCI, as well as in the stages preceding AD, are apparently in conflict with epidemiological data indicating diminished AD incidence after sustained treatment with NSAIDs. This is potentially related to the different impact of the disease stages on NSAIDs exposure. In this context, two different inflammatory responses in the AD pathophysiological process are assumed to exist: (I) one, at the early preclinical stage, with a predominantly proinflammatory component that is amenable to therapy; (II) another, at a later clinical stage, with predominantly innate/adaptive immune reactions not responsive to anti-inflammatory therapy (19). During the early inflammation stage, neurons stimulated by Aβ initiate the inflammatory process, and then, they induce intermediate microglia cells activation and their recruitment around Aβ-burdened neurons. Both neurons and microglia elicit a process exacerbating the disease characterized by the release of proinflammatory mediators (cytokines and chemokines) (Figure 3). The inflammatory immune response of the late plaque-associated stage involves different processes, including full microglial activation, microgliosis, and CNS invasion by peripheral monocytes. Both microglia and monocytes participate in phagocytic activities to eradicate toxic Aβ oligomers and, probably, cellular debris (19). This assumption is in line with data from the Rotterdam (229), the Cache County (230), and the US Veterans (231) observational studies. The above-mentioned analyses emphasize the lack of protection following 2-year NSAID exposure before dementia onset. In case the timing of exposure defines whether NSAID administration is beneficial or harmful, then the negative results of the previously mentioned studies (ADAPT and INTREPAD) are not unexpected, given that the timing of exposure of the participants to NSAIDs was restricted (2 years). On this basis, NSAIDs might be useful for AD prevention when their administration occurs years before the usual onset age; however, when used later in life, they might increase the risk of disease. We cannot exclude the possibility that (I) the majority of the advantageous effects of NSAIDs, documented from epidemiological studies, may originate from different types of bias (232), and (II) actually, there is no established impact of NSAIDs on AD prevention or treatment (233).
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FIGURE 3. Schematic representation of neuroinflammatory process occurring during the early stages of the AD pathology and potential points of attack of NSAIDs and anti-inflammatory drugs. In this process, neurons surrounded by Aβ oligomers release proinflammatory cytokines triggering the intermediate activation of microglia and their mobilization toward Aβ-burdened neurons. Both Aβ-burdened neurons and activated microglia are responsible for a disease-aggravating process in which the release of proinflammatory cytokines and chemokines predominates. NSAIDs and anti-inflammatory drugs may be potentially effective during this early inflammatory phase, antagonizing the aggravating activity of proinflammatory mediators. Selective agents stabilizing microglia may also be effective in attenuating the inflammatory process. Aβ, amyloid beta; AD, Alzheimer's disease; NSAIDs, non-steroidal anti-inflammatory drugs.


Alector/Abbvie claim the generation of a monoclonal antibody (AL002) that binds and activates TREM2. AL002 entered its first phase 1 trial in 51 healthy adults and 16 AD patients (234). Alector is also starting its first trial of the anti-CD33 antibody, AL003. The microglial receptor CD33 opposes the effects of TREM2 signaling and may present a more amenable target because it would be inhibited rather than activated. In the first phase of the trial, 42 healthy adults will receive a single treatment of either placebo or one of seven different AL003 doses. The second, multiple-dose phase will enroll 12 AD patients, two of whom will receive placebo (234).

Of note, other drugs targeting neuroinflammation to treat AD are being developed and underwent clinical testing. XPro1595 is currently undergoing phase 1b clinical trials. Other examples are GC021109 and NP001. XPro1595 is a variant of TNF-α that forms heterotrimers with native soluble TNF-α and prevents its interaction with the type 1 TNF-α receptors (235). Unlike other non-selective TNF-α inhibitors, XPro1595 does not suppress innate immunity or myelination mediated by type 2 receptors (236). Differently from etanercept, long-term treatment with XPro1595 does not suppress hippocampal neurogenesis, learning, and memory in adult mice (237). In 5xFAD mice, twice-weekly subcutaneous administration of XPro1595 for 2 months reduced brain amyloid deposition and immune cell infiltration, and improved synaptic function (238). In young TgCRND8 mice, continuous subcutaneous infusion of XPro1595 for 1 month prevented brain amyloid deposition and normalized hippocampal neuron synaptic function (239). In 3xTg mice, intracranial administration of XPro1595 reduced amyloid pathology (240). In aged wild-type rats, intracranial infusions of XPro1595 for 6 weeks reduced microglia activation and improved synaptic function and cognition (241). A 12-week, open-label, phase 1b study of XPro1595 (weekly injections of 0.03, 1.0, or 3.0 mg/kg) is ongoing in 18 mild-to-moderate AD patients (NCT03943264). Participants were requested to have a positive amyloid test and evidence of peripheral inflammation [elevated blood C-reactive protein (CRP)]. Biomarkers of neuroinflammation in blood and CSF (CRP, TNF-α), IL-1β, and IL-6 are being measured.

GC 021109 targets microglial cells by binding the P2Y6 receptor, a metabotropic G-protein-coupled receptor, whose natural ligand is adenosine diphosphate, a metabolite of ATP. Astrocytes release ATP in response to the presence of Aβ aggregates and P2Y6 signaling is thought to be involved in shifting the phenotype of microglia, which tend to surround amyloid plaques, from patrolling to phagocytic (242). GC 021109 has been reported in the biotech press to stimulate both microglial phagocytosis and inhibit microglial release of proinflammatory cytokines such as IL-12; however, this information is not published in the peer-reviewed literature. A phase 1a study in 44 healthy volunteers has been carried out in 2015 (NCT02254369), and a 4-week, phase 1b study in 39 mild-to-moderate AD was completed in 2016 (NCT02386306). However, no results were reported.

NP001 is a pH-adjusted intravenous formulation of purified sodium chlorite. Within monocytes/macrophages, chlorite is converted into taurine chloramine that downregulates the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) expression and inhibits production of proinflammatory cytokine IL-1β. These mechanisms of downregulation transform inflammatory monocytes/macrophages from a proinflammatory to a basal phagocytic state. NP001 has been tested in patients with amyotrophic lateral sclerosis (243). A small study planned to be carried out in 14 mild-to-moderate AD patients (NCT03179501) was interrupted in 2018 for poor enrollment.



Preliminary Evidence of a Potential Biological Effect of NSAIDs

Profiling molecular pathways related to ND is expected to reveal novel pathways for therapeutic agents. In this context, inflammation represents a primarily involved pathway (12, 19). Interestingly, a meta-analysis including 175 studies reports changes in several inflammatory biomarkers (IL-6, CRP, and TNF-α) in AD (161). Another meta-analysis including nine longitudinal studies shows a protective effect by NSAIDs against AD progress (244). Changes in the concentrations of blood (serum) inflammatory proteins—including IL-6, CRP, and TNF-α–define a serum-based proteomic signature potentially useful for AD diagnosis (245–247). Hence, according to the literature, anti-inflammatory compounds might be employed as therapeutic agents in AD and others ND. In this regard, a novel model based on PM for targeted NSAIDs therapy to specific AD patients is recently proposed by O'Bryant and colleagues. In particular, they determine whether a blood proteomic companion diagnostic (CDx) is able to predict response to NSAID treatment (248). The analysis of the proteome in plasma samples from the Alzheimer's Disease Cooperative Studies (ADCS) anti-inflammatory clinical trial, including 1-year administration of rofecoxib (25 mg once daily), naproxen (220 mg twice daily), or placebo (N = 351) (215)—indicates that an overall NSAID-general CDx is accurate in detecting treatment response with 87% accuracy. Drug-specific companion diagnostics—Rofecoxib-CDx and Naproxen-CDx—generate a very high degree of accuracy in both rofecoxib (98%) and naproxen (97%) arms (234). This is a relevant example of direct evidence for a precision medicine-based model to address AD treatment via the creation of CDx-driven therapeutics.



Preliminary Evidence of a Potential Biological Effect of Monoclonal Antibodies Selectively Targeting Aβ Protofibrils

In the last 20 years, a rising body of experimental studies has indicated that soluble Aβ protofibrils are more synaptotoxic than insoluble Aβ plaque cores. For instance, the former display higher rates of synapse structure impairment, including LTP, than plaques (249–251). Of note, solubilization of Aβ plaque cores is strictly related to the release of smaller Aβ species, such as dimers, and downstream increase in synaptotoxicity (252). Therefore, it is argued that prefibrillar Aβ1−42 assemblies, rather than monomers or dimers, are the proximate mediators of Aβ toxicity (253).

With regard to CNS immune resident cells, growing evidence indicates that small soluble Aβ1−42 protofibrils are the main trigger of microglial activation. Indeed, experimental models of AD indicate that both microglia and astrocytes display not only a high sensitivity to Aβ structure (16, 17, 33, 68, 86) in the internalization process but also emphasize their greater affinity for soluble Aβ protofibrils than mature insoluble fibrils (254, 255). In this context, it is reported that small soluble Aβ1−42 protofibrils, rather than fibrils, can induce microglial activation, as reflected by increased cerebral levels of TNF-α (255).

The murine monoclonal antibody mAb158 displays a 1, 000-fold higher selectivity for protofibrils [N-terminal (1–16) of the Aβ sequence] vs. monomers and 10–15 times more efficient binding to protofibrils vs. fibrils (256, 257).

Several studies, employing mAb158, suggest that astrocytic Aβ uptake depends on size and/or composition of Aβ aggregates, since astrocytes, if possible, engulf oligomeric Aβ over its fibrillar aggregation states (258).

Recent trials conducted in mice models of AD demonstrate that the antibody significantly slows down Aβ accumulation in astrocytes reducing the downstream Aβ-induced neuronal toxicity (256). The authors argue that their results provide a strong evidence for astrocytes to play a key mechanistic role in anti-Aβ immunotherapy.

The phase 2 preliminary results regarding the humanized IgG1 monoclonal version of mAb158 [BAN2401 (Biogen, Eisai Co., Ltd./BioArctic Neuroscience AB)]1 (259) show that BAN2401 significantly reduces Aβ-PET standardized uptake value ratio (SUVr) as well as CSF neurogranin, p-tau, and neurofilament light chain protein levels over a 18-month clinical trial (260, 261).




EXERCISE AS AN ANTI-INFLAMMATORY THERAPY IN ALZHEIMER'S DISEASE

Acute, unaccustomed exercise (i.e., of an unusual duration and/or intensity) can increase oxidative stress and act as a proinflammatory stimulus (262, 263). However, this response is attenuated when exercise is performed regularly, with strong evidence actually supporting that “chronic” exercise upregulates an endogenous systemic anti-inflammatory response (16).

Large cohort studies indicate that higher levels of physical activity are inversely associated with inflammatory biomarkers, for instance CRP (264, 265). There is meta-analytical evidence that regular physical exercise can reduce inflammation-related biomarkers (e.g., CRP, TNF-α) in middle-aged and older adults (266, 267), these benefits being also present in individuals with cognitive impairment (268). Animal research indicates that the anti-inflammatory effects of exercise can also reach the brain tissue. Physical exercise training results in an enhanced anti-inflammatory status—as reflected by an increased expression of anti-inflammatory cytokines including IL-10β coupled with the decrease in proinflammatory cytokines (including TNF-α)—at the hippocampus level in a rat model of AD (269). Chronic exercise also promotes a conversion of the microglia from the proinflammatory (M1) to the anti-inflammatory (M2) phenotype in different rodent models of disease, including AD (269–272).

Although the mechanisms underlying exercise anti-inflammatory effects remain to be clearly elucidated, several pathways are currently proposed. Notably, contracting muscles act as an endocrine organ by releasing myokines (i.e., cytokines and other small peptides) to the bloodstream, which, in turn, induce numerous health benefits (such as a decrease in inflammation) at the multisystemic level, including the brain (273, 274). Muscle-derived IL-6 promotes the systemic production of anti-inflammatory cytokines (IL-1Ra, IL-10) and downregulates the expression of proinflammatory cytokines (TNF-α, IL-1β) (275). Other proposed mechanisms include exercise-induced reductions in adiposity (which, especially visceral fat, contribute to systemic inflammation), on the one hand, and increases in vagal tone, on the other hand, through the cholinergic anti-inflammatory pathway, an evolutionarily ancient circuit that modulates immune responses and the progression of inflammatory diseases (276, 277). In conclusion, given the documented relevance of inflammation in most ND (169), there is strong biological rationale to support that exercise might serve as a coadjuvant therapeutic strategy against such conditions.



PERSPECTIVES: PRECISION MEDICINE FOR TARGETING NEUROINFLAMMATION


General Overview on Precision Medicine

The official launch of the US Precision Medicine Initiative (PMI), in 2015 (https://obamawhitehouse.archives.gov/precision-medicine), by the US President Obama followed by the National Institutes of Health (NIH) development of the US PMI Cohort Program (PMI-CP) (278) and the creation of the US “All of Us Research Program” (available at https://allofus.nih.gov/) are contributing to make precision medicine one of the key topics in biomedical research, worldwide. These facts support the evolution of Medicine from the outdated “one-size-fits-all” paradigm—according to which treatments are conceived for the “average patient”—to the search for comprehensive and accurate stratification of individuals and future individually tailored therapeutic modalities and targeted therapies (279). Indeed, genetic and biological heterogeneity among individuals sharing the same clinical features (so-called clinical syndrome) is highly frequent in polygenic, multifactorial diseases with complex and non-linear pathophysiological dynamics, such as cancer and AD. In this regard, it is acknowledged that the adaptive and innate immune systems are characterized by enormous individual heterogeneity that accounts for the subject-specific response to vaccines and other immunomodulatory therapies (280–282). As a result, some drugs, regularly administered, can be of benefit only to a restricted subset of patients; other drugs might even have detrimental effects to some definite ethnic groups (283). Hence, the identification of the molecular/cellular and environmental factors indicating the presence and the type of reaction of a single AD patient to a specific therapy is crucial (284). The shift to individualized therapies and targeted treatments needs exploratory, unbiased, high-throughput, integrative, large-scale analyses of the features of the cohort's individuals with the disease (279, 284, 285). Cohorts stratified according to different multimodal-throughput technological platforms (“omic” sciences)—via systems biology (285, 286)—and different neuroimaging modalities—via systems neurophysiology (285)—can be assimilated in the disease modeling to stratify and predict AD patient subgroups (279, 285). Both systems biology and neurophysiology enable to perform a holistic, systemic exploration of complex interactions in biological systems, thus allowing an overview of cells/groups of cells, tissues, organs, organisms, and populations at multiple scales. High-throughput, integrative approaches permit to recover exhaustive biological information, supported by advanced powerful bioinformatics. This will enable the inclusive integration of both multiomic and clinical data to attain fast and significant interpretation. Precision medicine capitalizes on these theoretical and technological advancements (287). Particularly, the integration of the “omics” and the development of the “multiomic” disciplines—such as proteogenomics, whereby the involved technologies are next-generation sequencing and mass spectrometry—seem to be able to offer a substantial support for accurate phenotype prediction, individualized patient management, and precision medicine (288, 289). Establishing precision medicine needs the implementation of a network of integrated disciplines and methods including the “omic” sciences, neuroimaging modalities, cognitive examinations, and clinical features. All these congregate toward many domains investigated using the systems theory approach (290). This allows the development of models explaining all systems levels—explored via systems biology and systems neurophysiology—and the different categories and scales of spatiotemporal data describing the complexity and clinical heterogeneity of any polygenic disease belonging to any medical fields, from oncology, to immunology (284) (Figure 4), to neurology (285, 291, 292). Precision medicine aims at ameliorating the efficacy of prevention strategies and therapies using customized treatments tailored on the individual's “biological make-up” (285, 291, 292), based on the “P4 Medicine” (P4M) framework (293). To safeguard the rapid and full expansion of precision medicine in AD, the international Alzheimer Precision Medicine Initiative (APMI) and its own Cohort Program (APMI-CP) (available at https://www.apmiscience.com/)—thematicall associated with the US PMI and the US “All of Us Research Program”—are currently established and operational (279). In this connection, a therapeutic plan based on immune/inflammation modulation for a subset of AD and associated dementias is currently ongoing within the “Korean AD Research Platform Initiative Based on Immune-Inflammatory Biomarkers” (K-ARPI) (294).


[image: Figure 4]
FIGURE 4. A roadmap proposed toward personalized immunology. There exist both horizontal and vertical roadmaps toward personalized immunology. Vertically, to translate sample stratification to clinical therapies, it is necessary to utilize the state-of-the-art “Omics” analysis and network integration approaches to stratify patients into subgroups and then implement personalized therapeutic approaches to treat individual patients, which needs to overcome various types of barriers at different steps. Horizontally, it might be necessary to go through at least seven steps to enable personalized immunotherapies: (1) classic symptom-based approach, (2) deep phenotyping approach, (3) multilayer “Omics”-based profiling, (4) cell-type-specific “Omics,” (5) state-specific “Omics,” (6) single-cell “Omics” and dynamic response analysis of immune cells, and (7) integrated network analysis. Under the first layer (the so-called stratification layer), different colors of patients indicate individual patients with different cellular and/or molecular profiles, while brackets represent patient subgroups; under the second layer (the so-called technique layers), different small circles with distinct colors indicate different immune cells, while big circles represent patient (sub)groups; under the technique layers, the snapshot of microarray representing either microarray-based or RNA-seq-based transcriptome analysis; under the third layer (the so-called therapeutic layer), the syringes with different colors or tonalities indicate different therapeutic approaches; P1,…, Pn at step 7 designate different patients; G1, G2, G3, and G4 represent different genes, the arrows between them representing regulatory relationships. DEG, differential expression gene; FACS, fluorescence-activated cell sorting; KNN, K-nearest neighbors; PEEP, personalized expression perturbation profile; sc, single-cell; SSN, sample-specific network; SVM, support vector machine; TCR/BCR, T-cell receptor/B-cell receptor. From Delhalle et al. (284). Copyright© 2018, Springer Nature. Reprinted with permission from Creative Commons CC BY. S.





CONCLUSIONS

Systems theory/biology-based studies are needed to untangle the spatiotemporal dynamics of neuroinflammation and its related subcomponents. Biomarkers simultaneously tracking different molecular pathways (body fluid matrixes) along with brain neuroinflammation endophenotypes (neuroimaging markers) can untangle key temporal–spatial dynamics among glia, neuroinflammation, and other AD pathophysiological mechanisms. Implementing this approach will be necessary to fill the gap in the understanding of whether neuroinflammation represents a direct pathophysiological or compensatory mechanism or both, along the AD continuum. According to this assumption, a new pathway (mechanism)-based pharmacological model—intended to establish effective and functional biomarker-guided targeted and tailored treatments for preventive and neuroinflammation-freezing strategies—needs to be developed.
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FOOTNOTES

1https://clinicaltrials.gov/ct2/show/NCT01230853 (A Randomized, Double-blind, Placebo-controlled, Combined Single Ascending Dose and Multiple Ascending Dose Study to Assess Safety, Tolerability, Immunogenicity, Pharmacodynamic Response, and Pharmacokinetics of Intravenous Infusions of BAN2401 in Subjects With Mild to Moderate Alzheimer's Disease).
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Throughout the lifespan, microglia, the primary innate immune cells of the brain, fulfill a plethora of homeostatic as well as active immune defense functions, and their aging-induced dysfunctionality is now considered as a key trigger of aging-related brain disorders. Recent evidence suggests that both organism’s sex and age critically impact the functional state of microglia but in vivo determinants of such state(s) remain unclear. Therefore, we analyzed in vivo the sex-specific functional states of microglia in young adult, middle aged and old wild type mice by means of multicolor two-photon imaging, using the microglial Ca2 + signaling and directed process motility as main readouts. Our data revealed the sex-specific differences in microglial Ca2 + signaling at all ages tested, beginning with young adults. Furthermore, for both sexes it showed that during the lifespan the functional state of microglia changes at least twice. Already at middle age the cells are found in the reactive or immune alerted state, characterized by heightened Ca2 + signaling but normal process motility whereas old mice harbor senescent microglia with decreased Ca2 + signaling, and faster but disorganized directed movement of microglial processes. The 6–12 months long caloric restriction (70% of ad libitum food intake) counteracted these aging-induced changes shifting many but not all functional properties of microglia toward a younger phenotype. The improvement of Ca2 + signaling was more pronounced in males. Importantly, even short-term (6-week-long) caloric restriction beginning at old age strongly improved microglial process motility and induced a significant albeit weaker improvement of microglial Ca2 + signaling. Together, these data provide first sex-specific in vivo characterization of functional properties of microglia along the lifespan and identify caloric restriction as a potent, cost-effective, and clinically relevant tool for rejuvenation of microglia.
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INTRODUCTION

Aging is the main risk factor for neurodegenerative diseases (e.g., Alzheimer’s, Parkinson’s or Huntington’s disease), many of which have a clear gender-specific prevalence. Alzheimer’s disease (AD), for example, has a higher (1.6–3:1) prevalence in women compared to men, whereas Parkinson’s disease (PD) has a higher (3.5:1) prevalence in men compared to women (1). Moreover, aging is often accompanied by high blood pressure, obesity, physical inactivity, and unhealthy diet, all leading to accumulation of modified or displaced self molecules and activation of the immune system. Consistently, a persistent low grade inflammation, manifesting itself in increased levels of pro-inflammatory cytokines like tumor necrosis factor α (TNF-α), interleukin (IL) 6, IL-1β, and IL-18; upregulation of the expression levels of caspase-1, major histocompatibility complex, class II molecules (MHC-II), complement receptor 3 (CD11b) along with a concomitant decrease in the expression of anti-inflammatory factors such as IL-4 or brain-derived neurotrophic factor (BDNF) [reviewed in reference (2)], is a hallmark of the normally aging body and brain (3, 4). The transcriptome analyses of brains of cognitively normal subjects also revealed a profound change (mostly upregulation) in the expression of immune/inflammation-related genes with aging (5). Out of the 759 genes studied, major aging-dependent changes were seen in 40% of genes. Of note, much fewer genes (6% of immune-related probe sets) differed between AD patients and age-matched controls (5). Of these differentially expressed immune- and microglia-specific genes, many underwent just incremental changes (5), pointing to exaggerated response of immune system to aging as one of the key contributors to AD pathology (6, 7).

It is now generally accepted that with aging, microglia, the main immune cells of the brain, adopts so called “immune alerted” or “primed” phenotype, characterized by dystrophic morphology [i.e., increased soma volume, shorter and less complex processes and inhomogeneous tissue distribution (8–10)], reduced phagocytic capacity, elevated expression of inflammatory markers as well as an exaggerated and/or uncontrolled inflammatory response to immune stimuli (2, 4, 7, 11–13). Interestingly, recent in vivo data obtained in CX3CR1GFP/ + mice expressing eGFP in microglia (14), suggested that in the course of aging microglia change its phenotype at least twice. Already at middle age (9–11 months old mice) microglial phenotype switches from “homeostatic” to “immune alerted” or “reactive,” characterized by higher frequency and area under the curve of spontaneous Ca2 + transients but normal motility of microglial processes, directed to the extracellular source of danger- or damage-associated molecular patterns (DAMPs). In old mice (18–21 months of age), microglia adopts “dysfunctional” or “senescent” phenotype, characterized by a high fraction of cells with spontaneous Ca2 + signaling but diminished frequency and size of spontaneous as well as evoked Ca2 + signals and fast but desynchronized DAMP-mediated movement of microglial processes. However, the mice used in the above study are partial knockouts for the fractalkine receptor CX3CR1 and therefore their “reactivity” might in part come from the diminished interaction between neuronal fractalkine and its microglial receptor CX3CR1. This interaction is known to represent a classical OFF signal, attenuating microglial reactivity (15, 16). Interestingly, dietary or caloric restriction (CR) is able to reduce inflammation in different species including humans (17) and is associated with reduced plasma levels of inflammatory markers (IL-6, C-reactive protein) as well as reduced up-regulation of genes for complement subunits, lysozyme, antigen presentation proteins, and other inflammation-related genes (4, 18). Still, how CR impacts in vivo functional properties of microglia remains unclear.

Furthermore, accumulating evidence suggests a complex interaction between the age and sex, especially in respect to brain’s immunocompetent cells like microglia. Indeed, sex steroids regulate the transcription of genes relevant for the development and maturation of the immune system (1) and MHC-II molecules, a hallmark of professional antigen-presenting cells, are higher expressed in male microglia both in man (19) and mice (20). Moreover, immune/inflammation-related genes respond in a gender-specific manner to aging and AD, with the most pronounced aging-related gender differences found in the hippocampus and the superior frontal gyrus (5, 21). Interestingly, while normal aging causes stronger enhancement of MHC-II expression in males, the opposite is true for AD patients, where the counts of MHC-II-expressing activated microglia were significantly higher in females (19). Despite the obvious importance of these data for the proper design of the preclinical and clinical studies, the in vivo functional properties of male and female microglia and their changes across the lifespan remain obscure.

By using in vivo two-photon imaging in young adult (2–4-month-old), middle-aged (9–11-month-old), and old (18–21-month-old) wild type (WT) mice, in the current study we asked how in vivo functional properties of microglia change in the course of aging and whether these age-dependent changes can be alleviated by caloric restriction.



MATERIALS AND METHODS


Animals

This study included for both sexes three control groups of different age (2–4- (young), 9–11- (middle-age) and 18–21-month-old (old) wild type (C57BL/6) mice and three experimental (CR) groups age-matched with middle-age and old groups of control mice. In control groups 11 young adult, 10 middle-age and 14 old mice were used. The number of animals in CR groups is given below. The littermates were randomly assigned either to control or to the respective age-matched experimental group. Animals were kept under a 12 h’ light/dark cycle and were either fed ad libitum or followed one of the three different caloric restriction protocols (see below). All experimental procedures were in accordance with the Directive 2010/63/EU of the European Parliament and the Council of the European Union (see section “Ethics Statement”).



Caloric Restriction

In preparation for the caloric restriction the individual daily ad libitum food intake of every mouse was measured over 14 days. The individual ad libitum food intake was used to calculate the exact amount of food the animal received during the CR. The food amount was gradually (over three weeks, 10% food reduction per week) reduced to 70% of the ad libitum food intake. The animals received the reduced food amount daily at the same time. CR mice were split into three groups based on the starting date and the duration of the CR diet: CR3 mice were under caloric restriction for at least 6 month starting from the age of 3 till 9–11 months (n = 7 mice); CR6 mice were under CR for at least 12 month from 6 till 18–21 months of age (n = 8 mice) and CR18 mice were under CR for 6 weeks starting at the age of 17–18 months (n = 10 mice). For all CR mice there was no return to ad libitum feeding before the end of experiment. In the control groups the animals had unlimited access to food. All mice were held in separate cages during the whole procedure. The body weight as well as the body status of every animal was monitored closely under the control of the animal doctors.



In vivo Imaging of Microglia

Animal surgery was performed as described previously (22–24). Briefly, mice were anesthetized by isoflurane (induction: 2%, maintenance: 0.8–1%). Isoflurane concentration was adjusted such that the breathing rate was held between 90 and 140 BPM during the whole experiment. Body temperature was kept at 36–37°C. Skin removal was performed above the frontal cortex. The skull was cleaned, dried and a custom-made recording chamber with an opening in the middle was glued to the skull with cyanoacrylic glue (UHU, Baden-Baden, Germany). The skull located in the center of the opening was carefully thinned under a dissection microscope using a dental drill (Ultimate 500, NSK, Japan). After transfer into the imaging setup, the animal was positioned on a warming plate and the recording chamber was perfused with 37°C warm extracellular solution containing (in mM): 125 NaCl, 4.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, 20 glucose, pH 7.4 when bubbled continuously with 95% O2 and 5% CO2. A craniotomy (∼1 mm2) was then performed above an area devoid of big blood vessels using a thin (30 G) syringe needle. Dura mater was left intact.

Imaging was performed using a two-photon laser-scanning microscope (Olympus Fluoview 300, Olympus, Tokyo, Japan) coupled to a mode-locked laser operating at 690 to 1040 nm wavelength (MaiTaiHP, SpectraPhysics, MountainView, CA, United States) and equipped with a 40× water-immersion objective (0.80 NA, Nikon, Tokyo, Japan). Oregon Green-BAPTA (OGB-1) and AlexaFluor 594 (AF594) were excited at a wavelength of 800 nm, the emitted light was split by a beam splitter (580 nm) and sent through the BP510/84 and BP630/92 filters, respectively.



In vivo Labeling of Microglia

Microglial cells were visualized in vivo using tomato lectin conjugated to DyLight 594 (25). A glass micropipette filled with a tomato lectin (25 μm/ml) containing solution was inserted into the brain parenchyma via the craniotomy using a micromanipulator. The solution was injected into the cortical tissue by pressure application (40–55 kPa for 60 s). After ∼30 min wash-out time, this treatment resulted in labeling of microglia and endothelial cells in a tissue volume with the diameter of approximately 100–150 μm. The two cell types labeled were easily distinguished by morphology.



In vivo Single-Cell Electroporation

Individual microglial cells were loaded with the small molecule Ca2 + indicator Oregon Green BAPTA-1 (OGB-1) as described previously (22–24). In brief, a glass micropipette with a tip diameter of <1 μm was filled with 10 mM OGB-1 hexapotassium salt dissolved in a solution containing (in mM): 140 K-Gluconate, 14 KCl, 4 NaCl, and 10 HEPES, pH 7.3. DyLight 594-labeled microglial cells were approached with the micropipette using a manipulator (LN Junior, Luigs & Neumann). As soon as the micropipette touched the surface of the cell a negative current of 600 nA was applied for 10 ms (MVCS-02C iontophoresis system, NPI Electronic) and the pipette was immediately withdrawn.



ATP Application

A total of 5 mM adenosine triphosphate (ATP) was dissolved in a standard solution of the following composition (in mM): 150 NaCl, 2.5 KCl and 10 HEPES, pH 7.4. The ATP-filled glass micropipette was positioned in the region of interest and a pressure of 15–30 kPa was applied for 50 ms to inject the ATP solution 30–40 μm away from the bodies of microglial cells of interest. To make pipette visualization easier, 200 μM of Alexa Fluor 594 was routinely added to the ATP-containing solution.



Image Analyses

All image analyses were performed offline using Fiji1 and Igor Pro (Wavemetrics, Lake Oswego, OR, United States) software. To measure the Ca2 +-dependent changes in fluorescence, the region of interest (ROI) was drawn around the soma of the OGB-labeled microglial cell and the average fluorescence intensity within this area was determined. The average fluorescence intensity within a blood vessel area was used as background. The background-subtracted fluorescence intensity values were processed according to the formula ΔF/F = F/F0-1, where F0 is the basal level of fluorescence. Traces were filtered using a low-pass infinite impulse response filter with a cutoff frequency of 0.2 Hz. A change in fluorescence was defined as a Ca2 + transient when its amplitude was higher than six times the standard deviation of the baseline noise. Each transient, whose fluorescence decayed to more than half of its maximum amplitude, was counted as a single event. Cells showing at least one Ca2 + transient during a 15-min-long recording time were considered spontaneously active. The insert in Figure 2C shows how the amplitude, duration (T-half) and area under the curve (AUC) were measured.

To analyze the ATP-evoked process outgrowth, we used the procedures, developed previously (14). Briefly, maximum intensity projections (MIPs) of time-lapsed 3D stacks were acquired every 30 s over 15-min-long acquisition period at an x/y/z size of 141 μm × 141 μm × 20 μm with a step size of 2 μm. For analyses, an ellipse was fitted to the containment produced by microglial processes. The average diameter was determined by calculating the mean of the major and minor diameters at a given time point. The average diameter of the containment remained constant after the convergence of the microglial processes around the tip of the ATP-containing pipette. The mean of these values was considered as the final diameter of the containment. The containment formation velocity (μm/min) was calculated as the reduction of the average diameter over a given time. To evaluate the velocity of individual microglial process, the processes were manually tracked over time using the ImageJ plug-in “MTrackJ2”. For these analyses we only selected microglial processes whose tip could by unequivocally identified throughout at least seven consecutive time points. The average process velocity (μm/min) was calculated by measuring the average distance traveled by a tracked tip of the microglial process between the two consecutive time points.



Analysis of the Single-Cell RNAseq Data

We analyzed single-cell RNAseq data of Bart De Strooper’s group (7), deposited in GEO under the GEO accession number: GSE127893. Only data sets belonging to cortical microglia from 3-month-old wild type C57BL/6 male and female mice were considered for analysis. Genes, differentially expressed in both sexes, were grouped according to gene ontology (GO) terms associated with inflammation and Ca2 + signaling. We analyzed genes belonging to the following GO annotations: acute inflammatory response (GO:0002526), microglial cell activation (GO:0001774), positive regulation of inflammatory response (GO:0050729), release of sequestered calcium into cytosol (GO:0051209), calcium-mediated signaling using intracellular calcium source (GO:0035584), and positive regulation of cytosolic calcium ion concentration (GO:0007204). Another analyzed group contained all differentially expressed genes encoding potassium channels. Normalized gene expression values of significantly up- and down-regulated genes were plotted as median ± interquartile range (IQR). Comparison between males and females was performed using the Mann-Whitney test.



Statistics

For each experiment, the choice of the sample size was based on biometrical sample size estimation. GraphPad Prism 6 (GraphPad Softwar Inc., La Jolly, CA, United States) or MATLAB (MathWorks, Inc., Natick, MA, United States) were used to perform all statistical analyses. The one-sample Kolmogorov-Smirnov test was used to check for normality of the data distribution. The Tukey method in MATLAB (function “Quartiles”) was used to identify outliers. Unless otherwise indicated, all data are given as median ± interquartile range (IQR). Lines of boxes and whiskers represent 25th and the 75th (boxes) and 10th and 90th (whiskers) percentile.

To compare the different age groups the Kruskal-Wallis test followed by Dunn’s post hoc test for multiple comparisons was used, for the comparison between control and CR mice the Mann-Whitney test was performed. Statistical interactions between the age and sex were determined by the two-way ANOVA followed by the Bonferroni’s post hoc test.



RESULTS


Age-Dependent Changes of in vivo Microglial Ca2 + Signaling in WT Mice

To study age- and sex-related differences in the spontaneous Ca2 + signaling of microglia, cells in the layer 2–3 of the frontal cortex (Figure 1A) were visualized by means of in vivo staining with DyLight 594-conjugated Tomato lectin (25, 26) and loaded with the small molecule Ca2 + indicator OGB-1 via single cell electroporation (22, 24). We analyzed three different age groups of WT mice: 2–4, 9–11, and 18–21 months old, designated as “young adult”, “middle-age” and “old” mice, respectively. Microglial cells were considered spontaneously active, if they showed at least one Ca2 + transient (recorded as described in the section “Materials and Methods”) during a 15-min-long recording period. In the young adult group the fraction (per mouse) of spontaneously active microglial cells was higher than found previously in age-matched CX3CR1GFP/ + mice (14, 22). To test whether this discrepancy is caused by sex differences, we separated the data obtained in male and female mice. Indeed, there was a significant difference in the fraction of active cells between young adult male [50 ± 12.5% (median ± IQR)] and female (33.3 ± 20%) mice (p = 0.04, Mann-Whitney test).
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FIGURE 1. Age-dependent changes of in vivo microglial Ca2 + signaling in WT mice. (A) Maximum intensity projection (MIP) images (110–126 μm below the cortical surface, here and below the step size is 1 μm) of a representative microglial cell in a WT mouse labeled with the DyLight 594-conjugated Tomato lectin (left) and loaded with the small molecule Ca2 + indicator Oregon Green BAPTA-1 (OGB-1) by means of single-cell electroporation (middle). Merged image is shown on the right. (B) Box-and-whisker plot illustrating the fractions (per mouse) of spontaneously active microglia in 2–4- (n = 11 mice, 39 cells), 9–11- (n = 10 mice, 34 cells), and 18–21- (n = 14 mice, 46 cells) month-old mice. (C) Box-and-whisker plot illustrating the effect of the age and sex on the fraction (per mouse) of spontaneously active microglia [n = 5 males (16 cells), 6 females (23 cells) for 2–4 months old mice; 5 males (18 cells), 5 females (16 cells) for 9–11 months old mice and 7 males (23 cells), 7 females (23 cells) for 18–21 months old mice]. Statistical differences were determined using two-way ANOVA followed by Bonferroni’s post hoc test (**p < 0.01 and ***p < 0.001). Scale bar, 5 μm.


To test how our in vivo data relate to the transcriptome differences between male and female microglia, we made use of the recently published data set available under the accession number GEO: GSE127893 and containing, amongst others, single-cell RNAseq data from 3-month-old male and female WT mice (7). Consistent with other recent data (20), inflammation-related genes were significantly upregulated in young adult male compared to female mice (Supplementary Figure 1A), along with significantly higher expression levels of genes encoding Kir, K2P, and Kv potassium channels (Supplementary Figure 1B). The Ca2 + related pathways in general, as well as biological processes summarized under GO annotations “release of sequestered calcium into cytosol,” “calcium-mediated signaling using intracellular calcium source,” or “positive regulation of cytosolic calcium ion concentration” (see Supplementary Table S1 for list of included genes) were all upregulated in young adult male compared to female mice but the difference observed did not reach the level of statistical significance (Supplementary Figures 1C–F).

Next, we tested how the fraction of active cells changed as the animals aged (Figures 1B,C). In the lumped data, there was only a slight trend toward an increase in the fraction of active cells with age (Figure 1B), in contrast to data obtained in CX3CR1GFP/ + mice (14, 22). This discrepancy is likely explained by the fact that although in females the fraction (per mouse) of active cells gradually increased with age amounting to 75.00 ± 50% in old female mice and thus being significantly different from fraction measured in young adult females (p < 0.001, Two-way ANOVA followed by Bonferroni’s post hoc test), this was not the case for male mice. Here, the fraction of active cells did not change significantly over time, showing, if at all, a trend toward a decrease with age (50 ± 12.5, 66.67 ± 41.7, and 33.3 ± 50% for young adult, middle-aged and old mice, respectively). Consistently, there was a significant difference in the fraction of active cells between old males and females (p = 0.002, Two-way ANOVA followed by Bonferroni’s post hoc test).

Thus, when looking on young adults, there is a significant difference in the fraction of spontaneously active cells between the male and female mice. This difference is consistent with increased inflammatory milieu found in the transcriptome analysis of male microglia and likely reflects an increased alertness of these cells and the higher sensitivity to minute damages in their microenvironment (see section “Discussion”). Aging, however, impacts significantly more on female microglia, turning spontaneously active the vast majority of these cells.



Age-Dependent Changes in the Time Course of Spontaneous Ca2 + Transients

To further analyze the aging-dependent changes, different properties of the spontaneous microglial Ca2 + transients, exemplified for each age in Figure 2A, were evaluated in detail (Figure 2): the frequency (transients/min), the amplitude (% of ΔF/F), the duration (T-half), and the area under the curve (AUC, ΔF/F∗s). The frequency plot had a bell-shaped appearance with a significantly higher frequency observed in middle-aged compared to young adult and old mice (p = 0.04 and p < 0.01, respectively, Kruskal-Wallis test followed by Dunn’s post hoc test for multiple comparisons, Figure 2B), whereas the amplitude showed no difference between the three different age groups (p = 0.16, Kruskal-Wallis test, Figure 2C). The duration (T-half) of the Ca2 + transients was significantly higher in middle-aged compared to young adult and old mice (p < 0.001 for both comparisons, Kruskal-Wallis test followed by Dunn’s post hoc test, Figure 2D). The AUC showed a similar bell-shaped trend like the frequency and the T-half but the observed difference reached the level of statistical significance only for comparison between the middle-aged and the old mice (p = 0.04, Kruskal-Wallis test followed by Dunn’s post hoc test, Figure 2E).
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FIGURE 2. Age-dependent changes of the time course of somatic Ca2 + signals in microglia from WT mice. (A) MIP images of representative microglial cells from 2– 4-, 9– 11-, and 18–21-month-old mice (left; 82–103 μm, 73–97 μm, and 65–87 μm below the cortical surface, respectively) as well as spontaneous Ca2 + transients (arrows) recorded from these cells in vivo during a 15-min-long recording period (right). Scale bar, 5 μm. (B–E) Box-and-whisker plots illustrating the median (per cell) frequency (B), amplitude (C), T-half (D), and AUC (E) of spontaneous Ca2 + transients in microglia from 2–4- (n = 19 cells), 9–11- (n = 19 cells), and 18–21- (n = 28 cells) month-old mice. Inset in (C) shows an example of a Ca2 + transient and schematically illustrates the parameters analyzed for each Ca2 + transient. Inset scale bars, 5% ΔF/F and 10 s. Statistical differences were determined using Kruskal-Wallis test followed by Dunn’s post hoc test for multiple comparisons (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 10−4).


Thus, consistent with our data obtained in CX3CR1GFP/ + mice (14), the microglia in middle-aged mice have a significantly heightened Ca2 + signaling compared to microglia in both young adult and old mice.



Sex-Specificity of the Age-Dependent Changes in the Time Course of Spontaneous Ca2 + Transients

Next, we studied the sex-specificity of the different properties of spontaneous Ca2 + transients during aging. Males showed a bell-shaped distribution for the frequency of spontaneous Ca2 + transients (Figure 3A) with a significantly higher frequency in the middle-aged compared to young adult and old mice (p = 0.01, p < 0.001 for comparisons between young and middle-aged and middle-aged and old, respectively, Two-way ANOVA followed by Bonferroni’s post hoc test). In contrast, the frequency did not change with age in microglia from female mice (p > 0.99 for all comparisons, Two-way ANOVA followed by Bonferroni’s post hoc test). Consistently, a significantly higher frequency was observed in male compared to female mice of the middle-age group (p = 0.03, Two-way ANOVA followed by Bonferroni’s post hoc test; Figure 3A). We did not observe any sex- or age-dependent differences for the amplitude of spontaneous Ca2 + transients (p > 0.1 for all comparisons, Two-way ANOVA, Figure 3B). For the duration (T-half) the graph (Figure 3C) had a bell shape for both sexes but only for females the durations of Ca2 + transients in the middle-aged mice were significantly higher compared to young adult and old animals (p < 0.001 for both comparisons, Two-way ANOVA followed by Bonferroni’s post hoc test). Similar data were obtained for the AUCs of Ca2 + transients in female mice (p < 0.001 for both comparisons, Two-way ANOVA followed by Bonferroni’s post hoc test; Figure 3D), whereas for male mice we did not observe any sex- or age-dependent differences. Concordantly, the AUCs measured in middle-aged females were significantly higher than the ones measured in the age-matched males (p = 0.03, Two-way ANOVA followed by Bonferroni’s post hoc test, Figure 3D).


[image: image]

FIGURE 3. Sex-specificity of the time course of spontaneous Ca2 + transients and its dependence on animal‘s age. (A–D) Box-and-whisker plots illustrating the effect of age and sex on the median (per cell) frequency (A), amplitude (B), T-half (C) and AUC (D) of the spontaneous Ca2 + transients in microglia [n = 9 cells (males), 10 cells (females) for 2–4 months old mice; 10 cells (males), 9 cells (females) for 9–11 months old mice and 10 cells (males), 18 cells (females) for 18–21 months old mice]. Statistical differences were determined using two-way ANOVA followed by Bonferroni’s post hoc test (*p < 0.05, ***p < 0.001, and ****p < 10–4).


Taken together, these data further emphasize the “immune alerted” or “reactive” phenotype of microglia in middle-aged mice of both sexes but also reveal several sex-specific differences in the age-dependent changes of microglial Ca2 + signaling.



Effect of Caloric Restriction on the Properties of Spontaneous Ca2 + Transients

In the next series of experiments, we tested whether reducing the food intake can counteract the aging-related changes in microglial Ca2 + signaling. First, we used long lasting (CR3 and CR6) caloric restriction protocols described in detail in the section “Materials and Methods.” Briefly, the food intake of every animal was monitored over two weeks to determine the average daily ad libitum food intake. In the first CR group (CR3), the daily food intake was slowly reduced to 70% of the average ad libitum food intake at the age of 3 months and was kept at this level for at least 6 months. All experiments for the CR3 group were performed in mice between 9 and 11 months of age (i.e., in middle-aged mice). After 6 months of CR, the body weight of CR3 mice (88.4 ± 4.6% of the initial weight at 3 months of age) differed significantly from that of age-matched ad libitum fed control mice, which increased their body weight (138.2 ± 20.2%) during the same time period (p < 0.001, Mann-Whitney test, n = 7 CR3 and 10 control mice). In the second CR group (CR6), the daily food intake was slowly reduced to 70% of the average ad libitum food intake at the age of 6 months and was kept at this level for at least 12 months. The experiments for the CR6 group were performed at the age of 18 to 21 months (i.e., in old mice, Figure 4A). After 12 months of CR, the body weight of CR6 mice (81.3 ± 8.8% of the initial weight at 6 months of age) also differed significantly from that of age-matched ad libitum fed control mice, which increased their body weight (116.5 ± 30.7%) during the same time period (p < 0.001, Mann-Whitney test, n = 8 CR6 and 14 control mice). Compared to ad libitum fed age-matched mice, neither CR protocol caused a significant change in the fraction (per mouse) of spontaneously active microglial cells (p = 0.25 for CR3 and p = 0.67 for CR6 protocol, Mann-Whitney test; Figures 4B,C). However, the median frequency of spontaneous Ca2 + transients in CR3 mice decreased significantly, compared to that measured in ad libitum fed control mice (p < 0.001, Mann-Whitney test; Figure 4D) becoming similar to the frequency of spontaneous Ca2 + transients measured in young adult mice (p = 0.17, Mann-Whitney test). Similar effect of CR3 was observed for the duration (T-half) of the spontaneous Ca2 + transients (p = 0.03 when comparing CR3 with ad libitum fed middle-age mice; Figure 4F). For T-half, however, the difference between CR3 with ad libitum fed young adult mice still remained significant (p = 0.03, Mann-Whitney test). No significant effects of CR3 were observed for amplitudes (p = 0.1, Mann-Whitney test; Figure 4E) and the AUCs (p = 0.19, Mann-Whitney test; Figure 4G) of the spontaneous Ca2 + transients.
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FIGURE 4. Effect of caloric restriction on spontaneous Ca2 + signals in middle-aged and old mice. (A) Schematic description of caloric restriction protocols used in these experiments. In the control group (left), the animals had unlimited access to food (ad libitum). In the CR group (right), mice were daily fed with the 70% of their respective initial ad libitum intake. CR mice were split into two groups based on the starting date and the duration of the CR diet: CR3 mice were under CR from 3 till 9 months of age; CR6 mice were under CR from 6 till 18 months of age. For all CR mice there was no return to ad libitum feeding before the end of experiment. (B) Box-and-whisker plot illustrating the fractions (per mouse) of spontaneously active microglia in 9–11 months old control (n = 10 mice, 34 cells) vs. CR3 (n = 7 mice, 26 cells) mice. (C) Box-and-whisker plot illustrating the fractions (per mouse) of spontaneously active microglia in 18–21 months old control (n = 14 mice, 46 cells) vs. CR6 (n = 8 mice, 26 cells) mice. (D,H) Left: representative spontaneous microglial Ca2 + transients (arrows) measured in control (top) and CR (bottom) mice. Right: box-and-whisker plots illustrating the median (per cell) frequency of spontaneous Ca2 + transients in microglia from the respective groups. (E–K) Box-and-whisker plots illustrating the median (per cell) amplitude (E,I), T-half (F,J) and AUC (G,K) of the spontaneous Ca2 + transients in control vs. CR mice (n = 19 cells (control), 12 cells (CR3) for 9–11 months old mice; n = 28 cells (control), 16 cells (CR6) for 18–21 months old mice). Statistical differences were determined using Mann-Whitney test (*p < 0.05, ***p < 0.001).


In contrast to the CR3 mice, no significant change was observed in the frequency of the spontaneous Ca2 + transients in CR6 compared to age-matched ad libitum fed mice (p = 0.9, Mann-Whitney test; Figure 4H). Similarly, CR6 influenced neither the amplitudes (p = 0.18, Mann-Whitney test; Figure 4I) nor the AUCs (p = 0.96, Mann Whitney test; Figure 4K) of the spontaneous Ca2 + transients. Only the duration (T-half) of the spontaneous Ca2 + transients showed a significant increase in comparison to age-matched ad libitum fed mice (p = 0.01, Mann Whitney test, Figure 4J), becoming increasingly similar to the T-half measured in middle-aged mice (p = 0.25 when comparing CR6 with ad libitum fed middle-aged mice, Mann-Whitney test).

In summary, reduction of the daily food intake by caloric restriction changes in vivo functional properties of microglial Ca2 + signals, making them more similar to the properties observed in the younger age group.



Sex-Specific Sensitivity to Caloric Restriction

Next, we analyzed the sex-specific effects of CR. Compared to middle-aged ad libitum fed male mice (Supplementary Figure 2), CR3 induced a significant reduction in the frequency of spontaneous Ca2 + transients (p < 0.01, Mann-Whitney test) and an almost significant reduction in T-half (p = 0.05, Mann-Whitney test), thus counteracting all aging-related changes observed in this age group (compare to Figure 3). Because of the unexpected death of several female mice, it was unfortunately not possible to analyze CR3 females separately. Compared to old ad libitum fed mice, there was no sex-specific influence of CR6 on the fraction of active microglial cells (p > 0.5 for all comparisons, Chi-Square test, n = 23 cells (7 females), 23 cells (7 males) for control mice and n = 17 cells (5 females), 9 cells (3 males) for CR6 groups). In male mice, CR6 caused a significant increase in the frequency (p = 0.02, Two-way ANOVA and Bonferroni’s post hoc test; Figure 5A) and AUC (p < 0.01, Two-way ANOVA and Bonferroni’s post hoc test; Figure 5D) of spontaneous Ca2 + transients. The other two parameters analyzed (Figures 5B,C) were not influenced by caloric restriction (p = 0.9 and 0.6 for the amplitude and T-half, respectively, Two-way ANOVA and Bonferroni’s post hoc test). There was, however, a small but consistent trend toward an increase in T-half in mice of both sexes, resulting in a significant change in the combined dataset (Figure 4J). Yet, in female mice we did not observe any significant CR-induced changes (Figure 5). Such CR-resistance of female mice led to significant differences between CR-treated males and females with regard to the frequency and the AUC of spontaneous Ca2 + transients (p = 0.05 and p < 0.01, respectively, Two-way ANOVA and Bonferroni’s post hoc test; Figures 5A,D).
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FIGURE 5. Sex-specific effect of caloric restriction on the time course of spontaneous Ca2 + transients. Box-and-whisker plots illustrating the sex-specific effects of CR6 on the median (per cell) frequency (A), amplitude (B), T-half (C), and AUC (D) of spontaneous Ca2 + transients [n = 10 cells (7 males), 18 cells (7 females) for control and n = 5 cells (3 males), 11 cells (5 females) for CR6 groups]. Statistical differences were determined using two-way ANOVA followed by the Bonferroni’s post hoc test (*p ≤ 0.05, **p < 0.01).


Together, these data support the “rejuvenating” effect of CR on the microglial Ca2 + signaling. At the same time, they also reveal the higher CR-sensitivity of male microglia.



Effect of Caloric Restriction on Aging-Mediated Changes in Process Chemotaxis

Tissue injury in the local microenvironment of microglia causes an extension of microglial processes toward the site of injury aiming at insulation of the damaged site from the intact brain parenchyma (27). This tissue-protective response of microglia can also be triggered by a local application of ATP from a micropipette (27), as tissue damage is always accompanied by ATP release from injured cells. Therefore, ATP is considered a classical DAMP (28). Under such conditions microglial processes, located in the vicinity of the micropipette (containing in our case 5 mM ATP), rapidly extend toward the tip of the pipette forming a spherical containment (Figure 6A). To characterize the ATP-induced microglial process extension in the three age groups under study, we first monitored over time the average diameter of the containment formed by the processes around the ATP-containing pipette. The mean diameter of the containment decreased faster as the animals were getting older (Figure 6B). The fastest decrease was observed in old mice. Interestingly, this effect was averted by the caloric restriction (CR6) so that the time courses measured in CR6 and young adult mice looked similar (Figure 6B). Consistently, the containment formation velocity increased with age (Figure 6C) but, in contrast to data obtained for CX3CR1GFP/ + mice (14), in WT mice studied here this effect did not reach the level of statistical significance (p = 0.17, Kruskal-Wallis test). Similarly, we did not observe any significant difference for the final diameter of the spherical containment surrounding the tip of the pipette between the three control age-groups as well as CR6 mice (p = 0.1 Kruskal-Wallis test; Figure 6D), indicating that in all groups studied roughly equal number of microglial processes contribute to the containment formation.
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FIGURE 6. Effect of caloric restriction on ATP-induced process chemotaxis of microglia. (A) MIP image of a Z stack (80–100 μm below the cortical surface, 2 μm step size) exemplifying the containment formation by microglial processes labeled with DyLight 594-conjugated Tomato lectin in a 3-month-old mouse. The stack was taken 10 min after pressure application (50 ms, 30 kPa) of 5 mM ATP. Yellow and blue arrows indicate the major and minor diameters of the containment, respectively. White dashed lines emphasize the location of the ATP-containing pipette. (B) Graph illustrating changes in the average diameter of the containment over time and the effect of CR. The moment of the ATP application was taken as time point 0. (C,D) Box-and-whisker plots illustrating the median (per mouse) containment formation velocity (C) and the final diameter of the containment (D) in 2–4- (n = 7 mice), 9–11- (n = 8 mice), 18–21- (n = 8 mice) month-old control mice, and in 18–21- (n = 4 mice) month-old CR6 mice. (E) Scatter plots illustrating the relationship between the initial distance of a microglial process to the tip of the ATP-containing pipette (X-axis) and the mean velocity of the process (Y-axis) in 2–4- (n = 6 mice, 118 processes), 9–11- (n = 6 mice, 119 processes), 18–21- (n = 8 mice, 146 processes) month-old control mice as well as in 18–21- (n = 4 mice, 58 processes) month-old CR6 mice. (F,G) Box-and-whisker plot illustrating median (per mouse) Spearman’s correlation coefficients between the initial distance of microglial processes to the tip of the ATP-containing pipette and the mean process velocity in the three age groups (F) as well as the 18–21 months old control and age-matched CR6 groups (G). Statistical differences between age groups were determined using Kruskal-Wallis test followed by Dunn’s post hoc test for multiple comparisons. For comparing control and CR6 mice Mann-Whitney test was used (*p < 0.05, **p < 0.01).


Further, we analyzed the velocity of individual microglial processes moving toward the tip of the pipette (see section “Materials and Methods” for details) and plotted it versus the initial distance between the process tip and the pipette (Figure 6E). Similar to data obtained for CX3CR1GFP/ + mice (14), there was a strong positive correlation between the two parameters in young adult and middle-aged mice, reflected by a median (per mouse) Spearman’s rank correlation coefficient (r) of 0.75 for young adult and 0.82 for middle-aged mice (Figure 6E). A significant and sex-independent decrease in the correlation was observed in old (r = 0.55) compared to middle-aged mice (p = 0.04, Kruskal-Wallis test followed by Dunn’s post hoc test; Figure 6F and Supplementary Figure 3). Importantly, this decrease was abrogated by the caloric restriction (CR6; Figure 6E), causing a significant increase in the correlation coefficient (p < 0.01 for comparison between old and CR6 mice, Mann Whitney test; Figure 6G).

Thus, in old mice of both sexes the microglial processes move faster but more disorganized toward the nearby DAMP source, compared to young adult and middle-aged mice. This age-induced dyscoordination of the process movement is counteracted by the long lasting caloric restriction.



Positive Effects of Short-Term Caloric Restriction in Old Mice

In order to test whether a long lasting CR is crucial for inducing the positive effects described above, in the next step we applied a short-term CR protocol (CR18). In the CR18 group, the daily food intake was slowly reduced to 70% of the average ad libitum food intake at the age of 17 to 18 month and the experiments were performed in 19 month-old mice, after 6–7 weeks of 70% CR (Figure 7A). This short-term CR led to a significant decrease in body weight (79.0 ± 10.2% of the initial weight before the start of CR), compared to that of age-matched ad libitum fed control mice, which, however also lost some weight during the observation time (93.9 ± 5.7%; p = 0.01, Mann-Whitney test, n = 10 CR18 and 6 ad libitum fed mice). The median (per mouse) fraction of spontaneously active cells showed no significant difference between CR18 and the age matched control mice (p = 0.1, Mann-Whitney test). Analyses of the frequency and the time course of spontaneous Ca2 + transients (Figure 7B) revealed no significant difference between CR18 and age-matched control animals for all parameters tested besides T-half (p = 0.048 for T-half, p > 0.05 for all other comparisons, Mann-Whitney test). When analyzing the above parameters we also did not observe any significant sex-specific effects of CR18 (p > 0.09 for all comparisons, Two-way ANOVA followed by the Bonferroni’s post hoc test).
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FIGURE 7. Short-term caloric restriction in old mice induces a partial shift of functional properties of microglia toward a younger phenotype. (A) Schematic description of the 6-week-long caloric restriction protocol (CR18) used in old mice. (B) Box-and-whisker plots illustrating the median (per cell) frequency (top left), amplitude (top right), T-half (bottom left) and AUC (bottom right) of spontaneous Ca2 + transients recorded in microglia from 18 to 21 months old control (n = 28 cells, 14 mice) and CR18 mice (n = 19 cells, 10 mice). (C) Scatter plot illustrating the relationship between the initial distance of a microglial process to the tip of the ATP-containing pipette (X-axis) and the mean velocity of the process (Y-axis) in CR18 mice (n = 80 processes, 5 mice). (D) Box-and-whisker plot illustrating median (per mouse) Spearman’s correlation coefficients between the initial distance of microglial processes to the tip of the ATP-containing pipette and the mean process velocity in 18–21 months old control (n = 8 mice) vs. CR18 (n = 5 mice) mice. Statistical differences were determined using Mann-Whitney test (*p < 0.05, **p < 0.01).


Interestingly, however, the ATP-induced movement of individual microglial processes (Figure 7C) was much more coordinated in CR18 compared to old control mice, yielding the median (per mouse) Spearman’s rank correlation coefficient (r) of 0.9, which differed significantly from that found in age-matched control mice (p = 0.003, Mann-Whitney test, Figure 7D).

Thus, short term caloric restriction conducted in old mice, i.e., after the ageing-induced microglial dysfunction has already occurred, recapitulated the major and most robust effects of long-term CR (compare Figures 4J, 6E–G, 7) but did not induce more subtle sex-specific changes shown in Figure 5.



DISCUSSION

Understanding the functional heterogeneity of microglial cells is one of the key aims of modern neurobiology. The importance of this aim is underscored by the multitude of functions these cells assume under homeostatic as well as pathological conditions. Accumulating evidence suggests that both organism’s sex and age are critical determinants of the functional state of microglia. So far, however, the supporting evidence came either from “omics” studies (7, 9, 20, 21, 29) or from in vitro/in vivo imaging of microglial protein makeup, morphology or surveillance (8, 10, 30–33). Our study, addressing in vivo microglial Ca2 + signaling as well as DAMP-evoked directed process motility, adds important functional aspects to this knowledge.

Although we did not evoke the microglial Ca2 + signals under study experimentally and therefore have to name them “spontaneous,” we and others have shown that such Ca2 + signals are only seen in the presence of local [e.g., damage of cell/tissue or accumulation of amyloid β in microglial vicinity (22, 23, 34, 35)] or global [e.g., systemic inflammation (34, 36)] threats and thus likely reflect the activation of microglia as well as their reaction to pathogen- or danger-associated signals.

Our in vivo analyses revealed that (i) the fraction of spontaneously active and therefore likely alerted microglial cells is significantly higher in young adult male mice; (ii) normal aging, however, much stronger increases the fraction of active cells in females; (iii) when considering both the fraction of active cells and the frequency/time course of Ca2 + transients, the most alerted (reactive) microglia is found in middle-aged and not, as assumed by the literature, old mice; (iv) Ca2 + signals recorded in middle-aged mice carry a peculiar sex-specific signature with males having significantly higher frequency and females – significantly larger size of Ca2 + transients; (v) aging causes a dyscoordination of directed movement of microglial processes, common for both sexes. Moreover, prolonged (6–12 months long) caloric restriction causes (vi) rejuvenation of microglial Ca2 + signals, shifting their functional properties toward those observed in younger age groups and (vii) re-synchronizes directed DAMP-induced movement of individual microglial processes. Interestingly, (viii) even a short-term (6-weeks-long) caloric restriction conducted in old age is able to improve the duration of Ca2 + transients and microglial process coordination significantly, thus paving a way for development of new, cost-effective and widely accessible anti-inflammatory therapies in elderly.


Higher Fraction of Active Cells in Young Adult Males

Our experiments conducted in DyLight 594-conjugated Tomato lectin-labeled microglia from young adult mice provided a somewhat higher fraction of spontaneously active cells compared to data obtained previously by us and others (14, 22, 23, 34, 35). Besides the differences among the mouse strains used (i.e., WT vs. CX3CR1GFP/ + vs. Iba-1GFP/ +, etc.), one logical explanation would be that the extracellular binding of lectin molecules might aggravate the diffusion of OFF molecules to their microglial receptors, as the reduction of the surrounding neuronal activity is known to increase spontaneous Ca2 + signaling in microglia (23). However, similar fractions of active cells were observed in Tomato lectin-labeled WT and CX3CR1GFP/ + microglia from 9 to 11 months and 18 to 21 months old mice [this study and reference (14)] and we failed to increase the frequency of spontaneous Ca2 + transients in young adult CX3CR1GFP/ + microglia upon injection of DyLight 594-conjugated Tomato lectin (data not shown). Therefore, the most likely explanation remains the different fraction of male and female mice in the combined dataset.

Interestingly, recent “omics” data showed that in young adult male mice microglia upregulate genes belonging to Gene Ontology classes associated with inflammatory processes, including regulation of cell migration and cytokine production [reference (37) and our analysis of data obtained by Bart De Strooper’s group (7)]. Moreover, our analysis showed significant upregulation of genes encoding K+ channels in male mice, including genes belonging to both Kir/K2P and Kv families. Consistently, in cortical slices male microglia had higher baseline outward and inward currents and responded with larger inward K+ currents to applications of ATP (20). Because an increase in the K+ current density is a known sign of microglial activation (38), together these data firmly document higher reactivity of young male microglia. The higher spontaneous Ca2 + signaling observed in these cells in vivo is likely caused by the increased driving force for Ca2 + ions flowing through the plasma membrane (due to K+ channel-induced cell hyperpolarization) as well as, according to our GO analysis, enhanced Ca2 + release from the intracellular Ca2 + stores.



Faster Aging of Microglial Population in Female Mice

While starting at the higher level in young adult mice, the fraction of active cells in males changed little over the lifespan, much in contrast to female mice, in which this fraction roughly doubled within the same time window. These functional data are consistent with recent single-cell analyses of microglial transcriptome (7) and point to “faster aging” of female microglia. On the mRNA level this process is accompanied by an earlier upregulation of gene sets involved in antigen presentation, innate immune response or other inflammatory processes as well as interferon response type I pathways (7). The upregulated genes, however, also included genes likely involved in tissue regeneration (e.g., Spp1, Gpnmb, and Dkk2), so that the overall functional outcome of the faster aging of microglial population in female mice still remains to be determined. It has to be also noted that on the single cell level we did not observe any difference between the frequency as well as the time course of Ca2 + signals in aged male and female mice.



Middle Age as the First Turning Point in Microglial Homeostasis

Whereas genomic, proteomic as well as morphological analyses clearly document phenotypic differences between the old and the young adult microglia [reviewed in refs. (2, 4, 12, 39)], the middle-aged microglia is much less characterized. At the same time, many neuroinflammatory diseases in the elderly (e.g., Alzheimer’s and Parkinson’s disease) are known to begin at middle age and according to epidemiological data long-term use of non-steroidal anti-inflammatory drugs during this time period offers some protection against the development of these diseases (40). Our data consistently document an altered phenotype of middle-aged microglia, including high frequency, duration and integral of intracellular Ca2 + signaling [this study and reference (14)]. Interestingly, the integral (area under the curve) of microglial Ca2 + signals was also shown to increase (compared to WT counterparts) in ramified, located far from plaque (i.e., moderately activated) microglia in a mouse model of AD and to decrease again in strongly activated, on plaque microglia [see Figure 2 in (23)]. Based on the detailed above arguments that enhanced intracellular Ca2 + signaling accompanies activation of microglia, we named the phenotype of middle-aged microglia alerted or reactive (14). Recently published single-cell RNAseq data seem to support our conclusion by showing that transiting response (i.e., partially activated) microglia is the most abundant subtype and the activated microglia build up to appr. 60% of microglia in middle-aged mice (7). The authors, however, analyzed WT and AD microglia together. Therefore, lower numbers are expected when looking only on WT microglia. Furthermore, especially at middle age we have noticed a substantial variability in the time course of Ca2 + signals in female (but also male) microglia. Partially this variability might arise from the differences in the hormone status, especially different stages of the estrous cycle in female mice. Unfortunately, neither we nor the Bart De Strooper’s group (7) included the control of the hormonal status/estrous cycle in the study design. For further studies it would be, therefore, important to determine the exact hormone status of animals under study.

Microglial Ca2 + signals are not only the marker for danger- or pathogen sensing by these cells but also trigger the executive functions of microglia. The latter include gene expression (41) proliferation (42), phagocytosis (43), IL-1β production, strongly associated with the activation of the NLRP3 inflammasome (44, 45), and cytoskeletal rearrangements necessary for process extension (46, 47). Thus, the analyzed here Ca2 + signals likely function as an amplification element in the chain driving the change of the functional state of microglia.



Caloric Restriction as a Tool for an Anti-aging Treatment of Microglia

Restriction of food intake is well known for its anti-inflammatory effects in man and mice [reviewed in refs. (48, 49)]. We show now that long-term caloric restriction partially prevents the aging-related changes in Ca2 + signaling and potently counteracts aging-induced desynchronization in the DAMP-induced movement of microglial processes. Because under normal conditions the timeline for aging-induced changes in microglial Ca2 + signaling has a bell shape, the effects of caloric restriction at the first glance seem opposite in CR3-treated middle-aged and CR6-treated old mice. In common, however, is that both treatments bring the Ca2 + signaling properties of the CR-treated microglia close to those observed in the respective younger age group. Thus, the functional properties of CR3-treated middle-aged microglia look similar to that found in young control mice, whereas the properties of CR6-treated old cells resemble those of middle-aged microglia. Our data also document a pronounced CR-sensitivity of Ca2 + signaling in male microglia of both (middle-aged and old) age groups and relative insensitivity to CR of the old female microglia. Notably, all changes discussed above concern the frequency and the time course of the Ca2 + signals, whereas we did not observe any CR-induced changes in the fraction of active cells.

In addition, a strong effect of CR was observed for directed process motility, which is consistently dyscoordinated in old mice [this paper and reference (14)], likely because of downregulation of P2Y12 receptors, required for process chemotaxis, in old microglia (13). Here, the CR6-treated old microglia showed high degree of coordination of the individual processes, behaving in this respect very similar to middle-aged and even young adult mice. High coordination of individual moving processes of different cells is important for rapid clearance of cell/tissue debris as well as insulation of small blood vessel ruptures and other microdamages in the microglial environment. This also means the rapid clearance of PAMP and DAMP sources, strongly reducing the level of ambient pro-inflammatory molecules.

Having documented the potency of CR in improving the functional in vivo properties of aged microglia, the next critical step is to understand the underlying cellular/molecular mechanisms. One possible candidate is the ketone body β-hydroxybutyrate, concentration of which is increased by CR. In human monocytes β-hydroxybutyrate was recently shown to inhibit NLRP3 inflammasome, responsible for activation of caspase-1 and the release of the pro-inflammatory cytokines IL-1β and IL-18 (50). We consider NLRP3 inflammasome as an important mediator of described here functional changes, as it is known to be involved in both microglial Ca2 + signaling as well as morphological activation of microglia (33, 36). More mechanistic insight will certainly come from single cell RNAseq and other “omics” studies comparing the transcriptomes, proteomes and metabolomes of normally aged and CR-treated mice.

Further important question concerns the applicability of the data obtained in therapeutic settings. To this end, we included a short-term CR protocol applied to old mice, to mimic the setting of the clinic. Interestingly, 6-week-long caloric restriction beginning at the age of 17–18 months mimicked the strongest effects of long term caloric restriction concerning both the changes in microglial Ca2 + signaling and in the process motility. These data show that at least in mice caloric restriction can be beneficial even when started at old age and does have under these conditions substantial anti-aging and anti-inflammatory properties. Because the mentioned above NLRP3 inflammasome is overtly activated in AD patients as well as in mouse models of the disease and its inhibition was identified as a new therapeutic target for treating both neuronal and microglial dysfunction in AD (33, 51), we hypothesize that caloric restriction has a potential to alleviate the consequences of amyloid ß deposition in mice and humans. Interestingly, a small-molecule inhibitor of NLRP3 was recently shown to attenuate the severity of experimental autoimmune encephalomyelitis, a disease model of multiple sclerosis (52). Thus, CR-mediated inhibition of NLRP3 might also have potential for treating autoinflammatory and autoimmune disorders.

Together, our data show that aging microglia changes its phenotype not once but at least twice and “immune alerted” or “primed” phenotype is inherent to middle-aged rather than old microglia. Despite the common aging-related changes described above, at any age the fine tuning of microglial Ca2 + signaling is controlled by the animal’s sex. Finally, our data identify the CR as a potent means for both prevention (CR3, CR6 protocols) and reversal (CR18 protocol) of aging-related functional changes in microglia.
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Alzheimer’s disease (AD) is the most prevalent form of neurodegenerative disease, currently affecting over 5 million Americans with projections expected to rise as the population ages. The hallmark pathologies of AD are Aβ plaques composed of aggregated beta-amyloid (Aβ), and tau tangles composed of hyperphosphorylated, aggregated tau. These pathologies are typically accompanied by an increase in neuroinflammation as an attempt to ameliorate the pathology. This idea has pushed the field toward focusing on mechanisms and the influence neuroinflammation has on disease progression. The vast majority of AD cases are sporadic and therefore, researchers investigate genetic risk factors that could lead to AD. Apolipoprotein E (ApoE) is the largest genetic risk factor for developing AD. ApoE has 3 isoforms-ApoE2, ApoE3, and ApoE4. ApoE4 constitutes an increased risk of AD, with one copy increasing the risk about 4-fold and two copies increasing the risk about 15-fold compared to those with the ApoE3 allele. ApoE4 has been shown to play a role in Aβ deposition, tau tangle formation, neuroinflammation and many subsequent pathways. However, while we know that ApoE4 plays a role in these pathways and virtually all aspects of AD, the exact mechanism of how ApoE4 impacts AD progression is murky at best and therefore the role ApoE4 plays in these pathways needs to be elucidated. This review aims to discuss the current literature regarding the pathways and mechanisms of ApoE4 in AD progression with a focus on its role in neuroinflammation.
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INTRODUCTION


Alzheimer’s Disease

Alzheimer’s disease (AD) is one of the most common neurodegenerative diseases and the 6th leading cause of death in the United States. AD affects more than 5.7 million Americans and by 2050, it is projected to affect over 13 million. Not only is AD a growing health concern, it is also an extreme financial burden costing nearly 290 billion dollars, annually, not taking into account the thousands of unpaid caregivers (1, 2). Clinically, AD is characterized by progressive learning and memory deficits that ultimately impede a patient’s ability to perform daily activities. The hallmark plaque and tangle pathology associated with AD were originally described in 1907 by Alois Alzheimer. It is now known these plaques are composed of aggregated beta-amyloid (Aβ), and the tangles are composed of hyperphosphorylated, aggregated tau, present typically within the neurons. While these two hallmark pathologies together lead to the neurodegeneration seen in AD, (3–5) Aβ pathology deposition typically begins decades before tangles and tangles have been shown to be better indicators of cognitve decline (2, 6). Going back to Alois Alzheimer’s first description of the disease in 1907, he also noted activation of microglia and astrocytes in response to the pathology (5, 7–9), providing further areas in AD to study. In recent years, one of the major themes in AD research has been understanding neuroinflammation and the role it plays in AD progression using both animal models and human tissue.

While all cases of AD have Aβ plaques and tau tangles, the mechanism leading to pathology is believed to differ between cases. Exceptionally few cases (<1%) develop solely due to genetics, with mutations in genes involved in Aβ processing being the clear cause. Three genes where mutations are known to cause AD are the amyloid precursor protein (APP), presenilin 1 (PSEN1) and presenilin 2 (PSEN2) (10–12). Inheritance of any of these genetic mutations will lead to the accumulation of Aβ and ultimately AD. These cases are characterized as early onset AD (EOAD), affecting patients between 30 and 60 years of age (13, 14). The remaining 99% of AD cases are sporadic and are often associated with late onset AD (LOAD). Apolipoprotein E4 (ApoE4) stands out as the largest genetic risk factor for developing LOAD (15–17). Apolipoprotein (ApoE) has three isoforms with varying risk for developing AD. ApoE4 confers an increased risk of AD relative to ApoE3 with E4 homozygotes showing the greatest risk of AD with an odds ratio of 10–15-fold increase. ApoE4 is present in about 14% of the general population and 37% in the AD population (16–18). ApoE3 is the most common allele is typically used as the baseline comparison in AD studies. ApoE3 is present in about 78% of the general population and 59% in the AD population (16). The ApoE2 allele has been shown to be protective for AD compared to the ApoE3 allele, being present in about 5% of all AD cases and about 9% in the general population (19). It is important to note, studies have shown ApoE4 has an increased risk in AD and ApoE2 has been protective when comparing these changes to ApoE3, as it is used as the control allele (20).



ApoE in the Central Nervous System

ApoE is the primary transporter of lipids and cholesterol in the brain and is mainly generated by astrocytes; however, microglia and neurons can generate ApoE in times of stress (21). ApoE works to reduce cholesterol levels as well as promoting lipoprotein clearance. ApoE binds to lipoproteins and provides clearance through the low-density lipoprotein receptor (LDLR). The ApoE isoforms impact how lipoproteins are cleared and the extent in which it is executed. ApoE3 has been shown to bind to LDLR allowing for lipid uptake and, again, it is characterized as the control phenotype for comparing function of the other two alleles. ApoE2 has a decreased affinity to LDLR and therefore leads to a type III hyperlipoproteinemia associated with ApoE2 patients. ApoE4 has an increased lipid binding ability but decreased proteolytic activity leading to an increase in lipoproteins and cholesterol (21–24). On astrocytes, ApoE interacts with plasma membrane ATP-binding cassette transporter A1 (ABCA1) and becomes loaded with lipids and cholesterol to provide the brain with needed nutrients (25–27). In addition to ApoE4 having an impaired interaction with receptors, ApoE4 has been shown to have a reduced interaction with ABCA1 and therefore is typically found in a hypolipidated state compared to ApoE3 (28–30).

ApoE4 has been suggested to decrease insulin signaling by impairing recycling of the insulin receptor which in turn could be leading to the decreased glucose metabolism seen in AD patients (31, 32). ApoE4 has also been shown to directly impact ApoER2 receptor recycling. This receptor works in conjunction with Reelin and is critical for synaptic plasticity in the aging brain. ApoE4 impairs recycling of ApoER2 and therefore impairs synaptic plasticity (33, 34). APP recycling has also been shown to be influenced by ApoE4 which can lead to an increase the amyloidogenic pathway leading to an increase in Aβ (35). In both post-mortem AD human brains and in mouse models of AD, ApoE4 has been shown to play a significant intracellular role in the movement and trafficking of receptors and intracellular vesicles (36).

The role of ApoE4 in the brain as a whole has been studied in metabolic approaches as well as through gross anatomy. These studies have implicated ApoE4 in increased regional cortical atrophy in the presence of AD compared to ApoE3. Specifically, there is a decrease in gray matter volume in both the medial temporal lobe and the anterior temporal lobes in AD cases (37–39). ApoE4 has also been implicated in overall brain energy and health as previously mentioned. Studies have shown ApoE status plays a role in cerebral glucose metabolism in an aging brain, regardless of the pathology present. At least one copy of ApoE4 significantly decreases glucose metabolism in comparison to non-ApoE4 carrying patients (40, 41).

ApoE has been shown to play integral roles in overall brain health and impact the development of Alzheimer’s disease. ApoE4 additionally plays many roles that are directly pertinent to the progression and development of AD specially through affecting inflammation. This will be discussed at length in this review.




INFLAMMATION IN ALZHEIMER’S DISEASE

Neuroinflammation in AD has been shown to contribute significantly to the onset, progression, and pathogenesis of AD. The main sources of inflammatory mediators in the brain are microglia and astrocytes. Microglia and astrocytes can release cytokines which can play both pro-inflammatory and anti-inflammatory roles in the brain depending on the stimulus and microenvironment (7, 42, 43). This fluctuation between the pro- and anti-inflammatory profiles has be seen in patients with early AD. One study showed patients with early AD have a bias toward either a pro-inflammatory or anti-inflammatory phenotype and, as disease progresses, the phenotype is more homogeneous, with both sides of inflammation elevated relative to age-matched, non-disease controls (44). These findings demonstrate the complex, and dynamic nature of inflammation in AD. Neuroinflammation is also impacted through normal aging, however, this review will focus on the impact on AD. For more information on neuroinflammation and aging see the review from Rea et.al (45).


Microglia in Alzheimer’s Disease

Microglia are the largest player in neuroinflammation in the CNS. Microglia have an important role in surveying the brain in order to detect and clear debris while maintaining an optimal microenvironment. Microglia can respond to virtually all foreign factors in the brain typically described as danger-associated molecular patterns (DAMPs) or pathogen-associated molecular patterns (PAMPs) (46–50). Of particular importance to AD, microglia respond to Aβ. Reports have suggested that in the presence of Aβ, microglia become activated and surround the plaque forming a barrier with the ultimate goal of preventing further spread while also attempting to clear the Aβ (51, 52). Upon activation around the Aβ plaque, the microglia can phagocytose Aβ (52, 53). However, if there is a buildup of Aβ in the microglia, this can subsequently lead to microglial cell death and an increase in inflammation and recruitment of more microglia, thus continuing this inflammatory cascade (54). Additionally, the activated microglia can respond with a pro-inflammatory response, releasing cytokines such as tumor necrosis factor-α (TNFα) and interleukin 1β (IL-1β) as well as other factors to potentially induce damage to surrounding tissue (50, 55–59).

Once a microglial receptor binds to a given ligand, microglia are able to become activated and work to ameliorate the situation. In regards to the clearance of Aβ, Aβ receptors have been shown to be present and have the ability to clear Aβ in early AD (60). In later stages of AD, however, this overall expression of both Aβ receptors and Aβ degradation enzymes are significantly downregulated. This downregulation of the Aβ receptors and Aβ degradation enzymes has been shown to be a direct response to the increase in inflammatory cytokines in AD (57, 61). One study looking at APP/PS1 mice found a twofold to fivefold decrease in Aβ receptors and a 2.5-fold increase in IL-1β and TNFα in older aged mice. This increase in pro-inflammatory cytokines can impair the surrounding neurons leading to neuronal degeneration (57). There are many microglial receptors that are able to bind Aβ and work to either phagocytize or create an inflammatory response to recruit other microglia in the presence of Aβ (62–65). Without control over their inflammatory response, the overall response of the microglia could become detrimental and cause problems such as neurodegeneration.

Microglial activation, in addition to phagocytosis and recruitment, can lead to induction of the inflammasome which can increase inflammatory cytokines as well as possibly increase Aβ deposition (59, 66). Inflammasomes help regulate the release of IL-1β and act as sensors of signals in the brain. IL-1β is incredibly potent, affecting the expression of adhesion molecules, immune cell infiltration and the overall increase of more cytokines. Due to its many functions, IL-1β requires several checkpoints before it is fully activated and, therefore, is made initially as an inactive molecule that the inflammasome cleaves and activates (67). The components needed for this activation include the inflammasome sensor molecule, adaptor molecule, and adapter protein apoptosis associated speck-like protein containing a CARD (ASC). Recent studies have shown, the ASC has the ability to help seeding of Aβ and by blocking the inflammasome it can decrease seeding of Aβ in the brain of mouse models (59, 67–71).

Upon debris clearance, microglia rapidly work to counteract their previously pro-inflammatory response (72–75). This can be done through the induction of anti-inflammatory responses which work to downregulate the potent, pro-inflammatory response. This allows for the microglia to revert to a resting state (50). In the case of AD, the microglia can become chronically activated and be in a perpetually activated state, leading to detrimental effects such as an increase in Aβ production and neurodegeneration (74, 76). In AD, both pro- and anti-inflammatory microglia states can be found in the same region, and this co-existence is likely detrimental; however, deciding which state the microglia should be in at a given instance remains unclear (77).

Recently, a microglial receptor, triggering receptor expressed on myeloid cells 2 (TREM2) has brought the importance of microglia in AD to the forefront of inflammatory research since mutations in TREM2 increase the risk for AD. As its name states, TREM2 is expressed on myeloid-derived cells such as microglia, macrophages, and osteoclasts. Rare mutations in TREM2 confer an increased risk of AD with an odds ratio of 4.5 (78–80). Individuals homozygous for mutations in TREM2 develop a rare disorder characterized by bone fractures and presenile dementia called Nasu-Hakola disease (81, 82). TREM2 responds to a wide range of stimuli including apoptotic cells, Aβ, and lipoproteins. Without AD pathology, TREM2 is expressed to clear damaged or apoptotic neurons and clear cellular debris through phagocytosis while downregulating the pro-inflammatory response to these stimuli (83–85). In AD, TREM2 has been shown to be highly expressed on microglia surrounding neuritic plaques and is important in clearance of Aβ (86, 87). In mouse models lacking TREM2, the microglia are unable to migrate toward an Aβ plaque and do not cluster when compared to a model with functional TREM2. While the overall impact of TREM2 is still up for debate, evidence suggests that the timing of TREM2 expression is key. Studies show that in early AD pathology, TREM2 is needed for clearance of early Aβ plaques and slowing of cognitive decline, while expression of TREM2 later in disease progression could lead to detrimental long-term consequences (88–92).



Astrocytes in Neuroinflammation

Astrocytes also play a role in the inflammation seen in AD (93). In the brain, astrocytes interact with both neurons and the cerebrovascular in order to maintain nutrients and chemical gradients in the brain. They additionally work to maintain calcium levels and potassium homeostasis, as well as provide overall neuronal support. In AD, normal functions of astrocytes become affected and contribute to astrocytic dysfunction and inflammation. This dysfunction includes astrocytes losing their ability to maintain calcium levels and potassium homeostasis (94–96). Additionally, activated astrocytes typically lose their ability to deliver nutrients to neurons leading to impairments in neuronal function (97, 98). Upon activation, studies have shown astrocytes release cytokines that can lead to increased neuronal toxicity as well as a decreased outgrowth of neuronal processes and an overall decreased activity rate (99). Recent studies suggest an interaction between microglia and astrocytes finding that once microglia become activated, they can lead to activation of astrocytes, resulting in a feed-forward loop which is detrimental to the surrounding environment. The mechanism showed that when activated, microglia release IL-1α, TNFα and C1q and astrocytes become activated. Additionally, in the presence of damaged blood vessels, the astrocytes promote tissue repair and neuronal survival rather than microglia (99). This provides a strong link showing that both microglia and astrocytes work in conjunction to increase the neuroinflammation seen in AD (Figure 1).
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FIGURE 1. Graphical view of the impact of ApoE4 in the brain compared to ApoE3. These roles will be discussed in depth throughout the review. Created with BioRender.





APOE, INFLAMMATION, AND ALZHEIMER’S DISEASE


Early Investigations of ApoE Isoforms’ Role on Inflammation

While microglia and astrocytes are the main modulators of inflammation in the brain, they are also the major sources of ApoE in the brain. Early studies suggested that in glial cultures, the presence of ApoE helped suppress glial activation in response to lipopolysaccharide (LPS), showing ApoE provides a protective anti-inflammatory response (100, 101). Studies showed that this anti-inflammatory response could be through the inhibition of the c-Jun N-terminal kinase (JNK) cascade (102). Another study showed that APP was capable of activating microglia and producing neurotoxic molecules in the presence of ApoE4, however ApoE3 was able to prevent this activation (49).

Moving into animal studies, researchers then began to investigate how ApoE as a whole, as well as the isoforms, impacted neuroinflammation (49, 103, 104). In one study, APP mice with and without ApoE were chronically administered LPS and it was found that in the presence of ApoE, the mice had increased gliosis and Aβ deposition suggesting a role for ApoE to increase inflammation in AD models (104). When looking at the ApoE isoforms specific impact on the inflammatory response, a study from Lynch et.al. used humanized ApoE3 and ApoE4 mice and chronically administered LPS. They found a significant increase in TNFα and IL6 present in the brains of ApoE4 mice. The authors then examined the impact of a small ApoE-mimetic peptide on inflammation and saw a significant reduction in inflammation. These results together show ApoE isoforms impact inflammation in the brain and that exogenous ApoE has the potential to reverse these effects (105). Another study using humanized ApoE3 and ApoE4 models showed ApoE isoforms play a regulatory role in nitric oxide (NO) production from microglia. They show that ApoE4 microglia release significantly more NO compared to ApoE3 microglia, which could cause the detrimental effects seen in the brains of ApoE4 patients (106). The results from this study were later confirmed and further research was done showing ApoE4 increased NO production in mice as well as in humans. Additionally, the authors showed resting microglia from the ApoE4 targeted replacement mice had an increased proinflammatory profile which led to an altered microglial phenotype compared to ApoE3 (Figure 1) (107).



ApoE and Aβ

Evidence indicates that the three common ApoE isoforms impact the clearance and aggregation of Aβ (16, 35, 108–112). Studies have shown that ApoE is essential for deposition of Aβ in animal models (29, 111, 113–115). ApoE4 has been shown to have an increased binding ability to Aβ compared to ApoE3 which contributes to the increased aggregation of Aβ and decreased clearance. In addition to increased binding, ApoE4 has been shown to have increased rate of Aβ oligomerization and increased Aβ plaque generation (116, 117). This increase has been confirmed in human autopsy tissue as ApoE4 patients show an increase in both vascular and parenchymal Aβ plaques (37, 118–120). While the exact mechanism of how ApoE4 carriers exhibit increases in Aβ plaques is not fully understood, it may be due to the increased ability of ApoE4 to bind Aβ and inability to fully remove Aβ from the brain.

There are several mechanisms in which Aβ could be cleared and where ApoE4 could impact clearance (Figure 2). Typically, Aβ is removed through either proteomic degradation, lysosomal clearance or through the blood brain barrier (BBB) (121). ApoE4 has been shown to have an impact on these pathways and could contribute to the decrease in Aβ removal seen with the ApoE4 isoform. In addition to clearance of Aβ, ApoE has also been shown to play a role in phagocytosis of apoptotic cells which is necessary in AD due to neurodegeneration. Surprisingly, one study showed ApoE4 has an increased phagocytosis of apoptotic neuronal cells while having a decreased clearance of Aβ in vitro. This increase in phagocytosis could be contributing to the switch in phenotype from resting microglia to an altered phenotype, leading to the detrimental phenotype associated with ApoE4 (122).
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FIGURE 2. The role ApoE4 plays with the hallmark AD pathologies.


APP processing and recycling has also been shown to be influenced by ApoE4, leading to an increase in Aβ (35). A recent study showed ApoE isoforms differently regulated APP processing through altered MAPK signaling. They showed that ApoE4 can function as a signaling molecule to enhanced activity of this cascade leading to an increase of APP. This study gives an ApoE dependent mechanism in which ApoE4 could directly impact disease progression through alteration in a signaling cascade (123).

In addition to ApoE4 playing a role in Aβ generation, ApoE4 and Aβ can also have a significant role in the ApoE-inflammatory cascade. As previously mentioned, ApoE4 has a role in increasing the proinflammatory response of glia in response to inflammatory stimuli. Researchers then moved into transgenic mice expressing human ApoE in various AD models to determine (1) the role of ApoE and (2) the role of ApoE isoforms in disease progression. In a study investigating the impact of ApoE using APP/PS1 mouse models, researchers found ApoE had a direct impact on the deposition of Aβ through its influence on microglial activation. These results show ApoE is required to stimulate the innate immune response to Aβ (124). A study using human ApoE mice with familial AD mutations (EFAD model), found ApoE4 significantly impacted Aβ plaque morphology and showed increased glial activity. The increased glial activity was measured by IL1β levels and showed a negative impact on microglial morphology (114).



ApoE and Tau

ApoE4 has been shown to have varying inflammatory effects not only on Aβ but, it has been shown to have differential effects on tau induced neuroinflammation (Figure 2). ApoE4 has been shown to exacerbate neurodegeneration through a tau-mediated mechanism using P301S-ApoE TR models. The authors showed ApoE4 microglia generate significantly more TNFα and led to impaired neuronal viability compared to other ApoE isoforms (125). Another study described how microglia could be playing a vital role in neurodegeneration in a similar tau model through an ApoE dependent method. This study suggests microglia could be a key target in therapeutics when it comes to tauopathies (126). This idea of microglia and ApoE being the driving factor in the tau deposition is paralleled in another study using a model of microglial ablation. This study showed microglia were the key player in promoting plaque formation and neurodegeneration in the animal models (127). These studies show the importance of investigating both the detrimental and beneficial roles of microglia, especially with ApoE isoforms (Figure 1).



ApoE and Inflammatory Signaling Cascades

ApoE has been shown to interact with TREM2 leading to activation of TREM2’s signaling cascade (91, 128–130). Recent studies have suggested that, in the presence of neurodegeneration, ApoE and TREM2 are both required for microglia to become activated and assume a Disease Associated Microglia (DAM) phenotype. This phenotype allows for microglia clustering around the Aβ plaque and clearance of apoptotic neurons. Microglia with a DAM phenotype are highly localized around neuritic plaques and activation requires a step wise transition (131–134). First is an increase in Apoe and downregulation of homeostatic genes such as Purinergic Receptor P2Y12 (P2ry12), followed by an upregulation of Trem2. This DAM phenotype has helped bring together ApoE and TREM2 through a disease specific pathway as well as how mulitple risk factors for AD play a role in this cascade (131, 134). Further studies are needed to examine the role of ApoE isoforms on this cascade as well as looking into the proteomics of these cascades.



ApoE and Autophagy

Autophagy is a mechanism to eliminate aggregated proteins and internal structures that become dysfunctional. Studies have shown this pathway specifically becomes dysfunctional early in disease states and can lead to neurodegeneration. With the role of ApoE4 in neurodegeneration, researchers have suggested that ApoE4 likely has an impact on clearance of neuronal degenerative products after injury since ApoE is upregulated post insult, thus potentially linking ApoE4 with autophagy dysfunction (135–138). Recent studies suggest a potential interaction with ApoE4 and an autophagy pathway that may account for the decreased autophagy in ApoE4 carriers (139). This study showed a direct interaction with ApoE4 and coordinated lysosomal expression and regulation (CLEAR), suggesting ApoE4 has a direct impact on autophagy transcription leading to impaired autophagy (140). This allows for further studies in ApoE4 as a transcription factor as well as other potential mechanisms in which ApoE4 impacts autophagy.



ApoE Fragmentation

The ApoE4 protein has been shown to have a decreased expression compared to the other isoforms but the exact mechanism of this is unknown. One possibility of this downregulation is through the rate of degradation of ApoE. Studies have suggested that ApoE can be fragmented by high-temperature requirement serine peptidase A1 (HtrA1). Of the ApoE isoforms, ApoE4 is the least stable protein confirmation and therefore most susceptible to this fragmentation. These fragments could bind to Aβ or cell surface receptors to prevent clearance, possibly contributing to the progression of the disease through neurotoxicity and neuroinflammation (141–144). ApoE3 also can become fragmented and studies suggest the primary fragment produced is neuroprotective (105, 145). More studies are needed to examine the exact mechanism in which ApoE4 fragments can contribute to inflammation and disease progression and potential therapeutics with ApoE3 fragments.



ApoE and Blood Brain Barrier Dysfunction

The importance of ApoE on the BBB has been a growing topic in the field of AD as well as other brain injury research due to the fact that brain trauma leads to a disruption in the BBB (146). Studies have shown patients with ApoE4 have worsened outcomes to brain injuries including traumatic brain injury (TBI) and stroke compared to ApoE3. Additionally, TBI earlier in life has been shown to contribute to an increased risk of AD later in life. TBI patients with ApoE4 typically experience increased coma length, mortality and decreased prognosis (147–150). These suggest ApoE isoforms play a role in BBB regulation and ApoE4 has a clear impact on the overall strength and integrity of the BBB (Figure 1).

The mechanism as to how ApoE isoforms could be involved in BBB dysfunction is necessary to understand why ApoE4 causes detrimental outcomes when the brain becomes compromised. One crucial component of the BBB are the tight junctions, as they provide a barrier that allows selective molecules to flow between blood and brain, maintaining homeostasis and keeping out unwanted molecules. Nishitsuji et al. showed that these tight junctions are important in BBB integrity and are significantly impaired in the presence of ApoE4. The authors suggest that this could be due to changes in matrix-metalloproteinase-9 (MMP9) or other molecules that would degrade or impact the BBB integrity (151). MMP9 has been shown to have multiple targets present in the BBB, but one specifically is tight junctions. MMP9 can work to decrease the bond in the tight junction leading to a leaky BBB (152). A study from Bell et.al built upon the idea that ApoE4 triggers BBB breakdown and found that cyclophilin A (CypA) is the likely culprit in this breakdown. They showed that an increase in CypA led to activation of NF-kB, followed by a significant increase in MMP9, specifically in the pericytes found surrounding and supporting the vasculature in the brain (153). Recently, Main et.al showed that ApoE4 had an impact on the BBB integrity and the activation of the MMP9 pathway in a comprehensive study using a TBI model. This study once again confirmed that ApoE4 with TBI worsens disease outcomes. They also found that after injury in both ApoE3 and ApoE4, the BBB must become stabilized which leads to an increase in ApoE. After the ApoE increase, there is pericyte loss, decreased tight junction expression and an increase in MMP9 expression. This appears in both ApoE3 and ApoE4 models, however, ApoE4 is much slower at the resolution of this progression. ApoE4 has clear detrimental effects on BBB integrity by activating the MMP9 system and activating other inflammatory cascades (154). In the presence of ApoE4, the pericytes significantly lose their supportive capabilities, leading to an increase in leaky vessels (155). A culmination of these studies implicates ApoE4 in decreasing BBB integrity through weakening tight junctions, increases in MMP9 and a loss of support needed for the BBB.

The evidence shows an increase in MMP9 with ApoE4 leads to the loss of BBB integrity and increase in inflammation. ApoE4 has also been associated to an increase in cerebral amyloid angiopathy (CAA) which can trigger BBB dysfunction due to the deposition of Aβ in the vessel walls and impaired clearance through the BBB compared to ApoE3 (118). Anti-Aβ immunotherapies for animal models and in clinical trials have been shown to increase MMP9 expression leading to an increase in microhemorrhages, showing a decrease in BBB integrity (156). While the majority of the anti-Aβ trials failed due to adverse effects, these adverse events were more robust in ApoE4 carriers. This connection between MMP9 activation due to the anti-Aβ therapies and the effect of ApoE4 on MMP9 expression can explain the ApoE4 involvement in BBB dysregulation that in turn, leads to neurodegeneration. More information on ApoE4 in clinical trials will be provided later in the review.

In addition to the disruption of the BBB integrity upon brain injury, there has been shown to be an interesting connection between TBI and development of AD later in life. In ApoE TR models of ApoE3 and ApoE4, the mice were given repeated TBI over 1 month. This showed a significant increase in microgliosis, via IBA1 immunoreactivity, in ApoE3 mice but not ApoE4 mice. ApoE4 mice showed significant increases in phospholipids and LDLR but not in inflammation suggesting that ApoE4 plays a role in many detrimental pathways but also shows an impaired inflammatory phenotype (157). This finding suggests that something more than just a decrease in BBB integrity is occurring in the presence of ApoE4.



ApoE and the Glymphatic System

As previously discussed, ApoE4 constitutes a significant impairment in the clearance of Aβ. This leads to the buildup of Aβ in the vessels of ApoE4 AD patients, contributing to an inflammatory response. This impairment in clearance has been hypothesized to be directly related to ApoE4 forming globular structures in conjunction with Aβ, potentially impairing the availability of receptors necessary for the clearance of Aβ into the blood vessels. Due to the involvement of ApoE in clearance of Aβ from the brain to the vasculature, it is logical to hypothesize that ApoE4 could also be involved in the impairments seen in the glymphatic system due to a similar mechanism. Studies thus far have examined glymphatic system impairments with Aβ removal without examining ApoE isoforms. This study also examined human autopsy tissue and found impairments and buildup of Aβ in the glymphatic system but again, ApoE isoforms were not considered (158, 159). More studies are needed to specifically examine human tissue and consider ApoE isoforms to determine the potential role of ApoE in the glymphatic system.



ApoE and Other Neurodegenerative Diseases

Studies have implicated ApoE4 in other forms of dementia other than AD, including Lewy Body Dementia (LBD). LBD is one of the most prevalent forms of dementia and is found in about 40% of Parkinson’s Disease patients. Two independent studies published in 2020 investigated the effect of ApoE4 on α-synuclein (α-syn), the defining pathology seen in LBD, and showed an increase in pathology was associated with ApoE4. Both studies used transgenic mice expressing human ApoE isoforms with differing routes of α-syn production (transgenic model and AAV- α-syn). The results from the animal studies both showed ApoE4 lead to an increase in α-syn pathology, a decrease in cognitive decline and an increase in gliosis around the pathology (160, 161). In addition to animals, human patients were also investigated, and it was shown that ApoE4 patients with Parkinson’s disease had an increased rate of cognitive decline (161). Human neuropathology data showed that ApoE4 patients had an increase in α-syn pathology as well (160). Together these studies show a clear impact of ApoE4 in other neurological diseases as well as the impact of ApoE4 on neuroinflammation is not limited to AD pathology.



Impact of ApoE on Clinical Trials

Due to the growing impact of AD, the need for therapeutics to either prevent or delay the onset of AD is imperative. In 2012, the National Alzheimer’s Project Act was established to help prevent future cases of AD and related dementias. The group came up with five major goals that includes optimizing care quality for patients, improving support for those with AD and their families, enhancing public awareness, tracking progress, and preventing and effectively treating AD by 2025 (162). Having a prevention or treatment option by 2025 is a lofty goal but the field is working hard to achieve this goal. While we have had many drug trials in the past 20 years, the failure rate is high which is pushing the field in a direction of a more personalized medicine approach to AD. Using this idea in clinical trials and therapeutic treatments, the likelihood of a single drug helping everyone with the disease is not likely. As this review has showed, ApoE4 plays a large and varied role in AD, and thus is necessary to take into consideration upon selection for clinical trials.

Targeting Aβ through anti-Aβ immunotherapy has been a constant focus of trials and is still being actively perused. Bapineuzumab was one of the initial anti-Aβ immunotherapies designed to increase clearance of Aβ. In a phase II clinical trial, bapineuzumab treated ApoE4 non-carriers had significant benefits on cognition and function at the endpoints of the study while this was not seen in ApoE4 patients. This trial also showed that ApoE4 patients had an increase in amyloid related imaging abnormalities (ARIA) which occurred 3–7x more in ApoE4 patients depending on copy number. These findings led to the phase III trial where ApoE4 patients received a lower dose to offset ARIA (163–165). This study ultimately failed to meet the endpoints and Aducanumab moved in as a newer anti-Aβ immunotherapy for trial. Aducanumab can be tolerated at a higher concentration and was dosed every 4 weeks. This trial was focused on patients with AD before cognitive symptoms had occurred. While the drug showed an effect on cognition, ARIA was the main adverse effect in ApoE4 patients. Moving into the phase III trial for Aducanumab, patients were segregated out into ApoE status to dose according (166). These two studies have clearly shown that while the goal is to find a treatment for AD, it is important to consider ApoE status into the trial design and study outcomes.

Currently, very few clinical trials take ApoE status into account while grouping or dosing for trials. One current ongoing trial, “A Study of CAD106 and CNP520 Versus Placebo in Participants at Risk for the Onset of Clinical Symptoms of Alzheimer’s Disease” (NCT02565511), is investigating the effects of CAD106 and CNP520, which both target amyloid, on the impact of cognition, clinical status and pathology. They will investigate ApoE4/4 patients due to their high risk of progression to MCI and AD and is expected to reach completion in 2024. Another upcoming trial is directly targeting ApoE4 patients by using an adeno-associated virus in order to convert ApoE4 patients to ApoE2 in hopes to delay AD onset (NCT03634007). Studies incorporating ApoE status into their inclusion and dosing criteria will be imperative in the growing field of AD trials and research.

One of the most multi-faceted clinical trials going on right now is the Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER), which now has branches in the United States as well as around the world. The original FINGER study showed that after lifestyle modifications, ApoE4 carriers showed no significant cognitive improvements to those without ApoE4 and that E4 carriers with lifestyle modifications had greater cognitive and physical improvements than those without the modifications (167, 168). This study emphasized the importance of preventative strategies for ApoE4 patients, specifically through lifestyle modifications such as physical activity.




CONCLUSION

As shown through this review, ApoE4 plays a role in virtually all aspects of AD ranging from clearance of hallmark pathologies, to disruption of intracellular pathways, to impacts on whole brain metabolism. While these pathways can seem unrelated, they can be connected through the overarching theme of neuroinflammation. In moving forward, the impact of ApoE4 needs to be considered in studies, both human and animals. In conclusion, ApoE4 plays a negative role in AD through both gain of misfunction and loss of function mechanisms and further studies are needed to elucidate these pathways and push the field toward new therapeutics.



AUTHOR CONTRIBUTIONS

CK wrote and developed much of the manuscript content. DW wrote the portions, edited, and reviewed for content.



FUNDING

NIA grant RF1AG057754 funded CK, a graduate student.



REFERENCES

1. CDC A Public Health Appoach to Alzheimer’s and other Dementias. Atlanta, GA: Centers for Disease Control and Prevention. (2017).

2. Alzheimer’s AssociationAlzheimer’s disease facts and figures. Alzheimers Dement. (2019).15:321–87.

3. Thal DR, Walter J, Saido TC, Fandrich M. Neuropathology and biochemistry of Abeta and its aggregates in Alzheimer’s disease. Acta Neuropathol. (2015) 129:167–82. doi: 10.1007/s00401-014-1375-y

4. Braak H, Braak E. Staging of Alzheimer’s disease-related neurofibrillary changes. Neurobiol Aging. (1995) 16:271–8; discussion 278–84. doi: 10.1016/0197-4580(95)00021-6

5. Maurer K, Volk S, Gerbaldo H. Auguste D and Alzheimer’s disease. Lancet. (1997) 349:1546–9. doi: 10.1016/S0140-6736(96)10203-8

6. Beason-Held LL, Goh JO, An Y, Kraut MA, O’Brien RJ, Ferrucci L, et al. Changes in brain function occur years before the onset of cognitive impairment. J Neurosci. (2013) 33:18008–14. doi: 10.1523/JNEUROSCI.1402-13.2013

7. Stephenson J, Nutma E, van der Valk P, Amor S. Inflammation in CNS neurodegenerative diseases. Immunology. (2018) 154:204–19. doi: 10.1111/imm.12922

8. Laurent C, Buee L, Blum D. Tau and neuroinflammation: what impact for Alzheimer’s disease and tauopathies? Biomed J. (2018) 41:21–33. doi: 10.1016/j.bj.2018.01.003

9. Navarro V, Sanchez-Mejias E, Jimenez S, Munoz-Castro C, Sanchez-Varo R, Davila JC, et al. Microglia in Alzheimer’s disease: activated, dysfunctional or degenerative. Front Aging Neurosci. (2018) 10:140. doi: 10.3389/fnagi.2018.00140

10. Lanoiselee HM, Nicolas G, Wallon D, Rovelet-Lecrux A, Lacour M, Rousseau S, et al. APP, PSEN1, and PSEN2 mutations in early-onset Alzheimer disease: a genetic screening study of familial and sporadic cases. PLoS Med. (2017) 14:e1002270. doi: 10.1371/journal.pmed.1002270

11. Rademakers R, Cruts M, Van Broeckhoven C. Genetics of early-onset Alzheimer dementia. Sci World J. (2003) 3:497–519. doi: 10.1100/tsw.2003.39

12. Wu L, Rosa-Neto P, Hsiung GY, Sadovnick AD, Masellis M, Black SE, et al. Early-onset familial Alzheimer’s disease (EOFAD). Can J Neurol Sci. (2012) 39:436–45. doi: 10.1017/s0317167100013949

13. Campion D, Dumanchin C, Hannequin D, Dubois B, Belliard S, Puel M, et al. Early-onset autosomal dominant Alzheimer disease: prevalence, genetic heterogeneity, and mutation spectrum. Am J Hum Genet. (1999) 65:664–70. doi: 10.1086/302553

14. Koedam EL, Lauffer V, van der Vlies AE, van der Flier WM, Scheltens P, Pijnenburg YA. Early-versus late-onset Alzheimer’s disease: more than age alone. J Alzheimers Dis. (2010) 19:1401–8. doi: 10.3233/JAD-2010-1337

15. Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small GW, et al. Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late onset families. Science. (1993) 261:921–3. doi: 10.1126/science.8346443

16. Strittmatter WJ, Saunders AM, Schmechel D, Pericak-Vance M, Enghild J, Salvesen GS, et al. Apolipoprotein E: high avidity binding to B-amyloid and increase frequency of type 4 allele in late-onset familial Alzheimer Disease. Proc Natl Acad Sci USA. (1993) 90:1977–81.

17. Saunders AMP, Strittmatter WJM, Schmechel DM, George-Hyslop PH, Pericak-Vance MAP, Joo SH, et al. Association of apolipoprotein E allele E4 with late-onset familial and sporadic Alzheimer’s disease. Neurology. (1993) 43:1467–72.

18. Qian J, Wolters FJ, Beiser A, Haan M, Ikram MA, Karlawish J, et al. APOE-related risk of mild cognitive impairment and dementia for prevention trials: an analysis of four cohorts. PLoS Med. (2017) 14:e1002254. doi: 10.1371/journal.pmed.1002254

19. Corder EH, Saunders AM, Risch NJ, Strittmatter WJ, Schmechel DE, Gaskell PC Jr., et al. Protective effect of apolipoprotein E type 2 allele for late onset Alzheimer disease. Nat Genet. (1994) 7:180–4. doi: 10.1038/ng0694-180

20. Pitas RE, Lee SH, Hui D, Weisgraber KH. Lipoproteins and their receptors in the central nervous system. Characterization of the lipoproteins in cerebrospinal fluid and identification of apolipoprotein B,E(LDL) receptors in the brain. J Biol Chem. (1987) 262:14352–60.

21. de Chaves EP, Narayanaswami V. Apolipoprotein E and cholesterol in aging and disease in the brain. Future Lipidol. (2008) 3:505–30. doi: 10.2217/17460875.3.5.505

22. Phillips MC. Apolipoprotein E isoforms and lipoprotein metabolism. IUBMB Life. (2014) 66:616–23. doi: 10.1002/iub.1314

23. Mahley RW, Weisgraber KH, Huang Y. Apolipoprotein E: structure determines function, from atherosclerosis to Alzheimer’s disease to AIDS. J Lipid Res. (2009) 50:S183–8. doi: 10.1194/jlr.R800069-JLR200

24. Tokuda T, Calero M, Matsubara E, Vidal R, Kumar A, Permanne B, et al. Lipidation of apolipoprotein E influences its isoform-specific interaction with Alzheimer’s amyloid β peptides. Biochem J. (2000) 348:359–65. doi: 10.1042/bj3480359

25. Wahrle SE, Jiang H, Parsadanian M, Kim J, Li A, Knoten A, et al. Overexpression of ABCA1 reduces amyloid deposition in the PDAPP mouse model of Alzheimer disease. J Clin Invest. (2008) 118:671–82. doi: 10.1172/JCI33622

26. Fan J, Stukas S, Wong C, Chan J, May S, DeValle N, et al. An ABCA1-independent pathway for recycling a poorly lipidated 8.1 nm apolipoprotein E particle from glia. J Lipid Res. (2011) 52:1605–16. doi: 10.1194/jlr.M014365

27. Minagawa H, Gong JS, Jung CG, Watanabe A, Lund-Katz S, Phillips MC, et al. Mechanism underlying apolipoprotein E (ApoE) isoform-dependent lipid efflux from neural cells in culture. J Neurosci Res. (2009) 87:2498–508. doi: 10.1002/jnr.22073

28. Boehm-Cagan A, Bar R, Liraz O, Bielicki JK, Johansson JO, Michaelson DM. ABCA1 agonist reverses the ApoE4-driven cognitive and brain pathologies. J Alzheimers Dis. (2016) 54:1219–33. doi: 10.3233/JAD-160467

29. Boehm-Cagan A, Bar R, Harats D, Shaish A, Levkovitz H, Bielicki JK, et al. Differential effects of apoE4 and activation of ABCA1 on brain and plasma lipoproteins. PLoS One. (2016) 11:e0166195. doi: 10.1371/journal.pone.0166195

30. Rawat V, Wang S, Sima J, Bar R, Liraz O, Gundimeda U, et al. ApoE4 alters ABCA1 membrane trafficking in astrocytes. J Neurosci. (2019) 39:9611–22. doi: 10.1523/JNEUROSCI.1400-19.2019

31. Rhea EM, Raber J, Banks WA. ApoE and cerebral insulin: trafficking, receptors, and resistance. Neurobiol Dis. (2020) 137:104755. doi: 10.1016/j.nbd.2020.104755

32. Zhao N, Liu CC, Van Ingelgom AJ, Martens YA, Linares C, Knight JA, et al. Apolipoprotein E4 impairs neuronal insulin signaling by trapping insulin receptor in the endosomes. Neuron. (2017) 96:115–29.e5. doi: 10.1016/j.neuron.2017.09.003

33. Lane-Donovan C, Herz J. The ApoE receptors Vldlr and Apoer2 in central nervous system function and disease. J Lipid Res. (2017) 58:1036–43. doi: 10.1194/jlr.R075507

34. Chen Y, Durakoglugil MS, Xian X, Herz J. ApoE4 reduces glutamate receptor function and synaptic plasticity by selectively impairing ApoE receptor recycling. Proc Natl Acad Sci USA. (2010) 107:12011–6. doi: 10.1073/pnas.0914984107

35. Bu G. Apolipoprotein E and its receptors in Alzheimer’s disease: pathways, pathogenesis and therapy. Nat Rev Neurosci. (2009) 10:333–44. doi: 10.1038/nrn2620

36. Van Acker ZP, Bretou M, Annaert W. Endo-lysosomal dysregulations and late-onset Alzheimer’s disease: impact of genetic risk factors. Mol Neurodegener. (2019) 14:20. doi: 10.1186/s13024-019-0323-7

37. Filippini N, Rao A, Wetten S, Gibson RA, Borrie M, Guzman D, et al. Anatomically-distinct genetic associations of APOE epsilon4 allele load with regional cortical atrophy in Alzheimer’s disease. Neuroimage. (2009) 44:724–8. doi: 10.1016/j.neuroimage.2008.10.003

38. Boccardi M, Sabattoli F, Testa C, Beltramello A, Soininen H, Frisoni GB. APOE and modulation of Alzheimer’s and frontotemporal dementia. Neurosci Lett. (2004) 356:167–70. doi: 10.1016/j.neulet.2003.11.042

39. Agosta F, Vossel KA, Miller BL, Migliaccio R, Bonasera SJ, Filippi M, et al. Apolipoprotein E epsilon4 is associated with disease-specific effects on brain atrophy in Alzheimer’s disease and frontotemporal dementia. Proc Natl Acad Sci USA. (2009) 106:2018–22. doi: 10.1073/pnas.0812697106

40. Jagust WJ, Landau SM. Alzheimer’s disease neuroimaging I. Apolipoprotein E, not fibrillar beta-amyloid, reduces cerebral glucose metabolism in normal aging. J Neurosci. (2012) 32:18227–33. doi: 10.1523/JNEUROSCI.3266-12.2012

41. Wu L, Zhang X, Zhao L. Human ApoE isoforms differentially modulate brain glucose and ketone body metabolism: implications for Alzheimer’s disease risk reduction and early intervention. J Neurosci. (2018) 38:6665–81. doi: 10.1523/JNEUROSCI.2262-17.2018

42. Griffin WST, Sheng JG, Royston MC, Gentleman SM, McKenzie JE, Graham DI, et al. Glial-neuronal interactions in Alzheimer’s disease: the potential role of a ‘cytokine cycle’ in disease progression. Brain Pathol. (2006) 8:65–72. doi: 10.1111/j.1750-3639.1998.tb00136.x

43. Glass CK, Saijo K, Winner B, Marchetto MC, Gage FH. Mechanisms underlying inflammation in neurodegeneration. Cell. (2010) 140:918–34. doi: 10.1016/j.cell.2010.02.016

44. Sudduth TL, Schmitt FA, Nelson PT, Wilcock DM. Neuroinflammatory phenotype in early Alzheimer’s disease. Neurobiol Aging. (2013) 34:1051–9. doi: 10.1016/j.neurobiolaging.2012.09.012

45. Rea IM, Gibson DS, McGilligan V, McNerlan SE, Alexander HD, Ross OA. Age and age-related diseases: role of inflammation triggers and cytokines. Front Immunol. (2018) 9:586. doi: 10.3389/fimmu.2018.00586

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

47. Vance RE, Isberg RR, Portnoy DA. Patterns of pathogenesis: discrimination of pathogenic and nonpathogenic microbes by the innate immune system. Cell Host Microbe. (2009) 6:10–21. doi: 10.1016/j.chom.2009.06.007

48. Kono H, Rock KL. How dying cells alert the immune system to danger. Nat Rev Immunol. (2008) 8:279–89. doi: 10.1038/nri2215

49. Barger SW, Harmon AD. Microglial activation by Alzheimer amyloid precursor protein and modulation by apolipoprotein E. Nature. (1997) 388:878–81. doi: 10.1038/42257

50. Kettenmann H, Hanisch UK, Noda M, Verkhratsky A. Physiology of microglia. Physiol Rev. (2011) 91:461–553. doi: 10.1152/physrev.00011.2010

51. Yuan P, Condello C, Keene CD, Wang Y, Bird TD, Paul SM, et al. TREM2 haplodeficiency in mice and humans impairs the microglia barrier function leading to decreased amyloid compaction and severe axonal dystrophy. Neuron. (2016) 90:724–39. doi: 10.1016/j.neuron.2016.05.003

52. Condello C, Yuan P, Schain A, Grutzendler J. Microglia constitute a barrier that prevents neurotoxic protofibrillar Abeta42 hotspots around plaques. Nat Commun. (2015) 6:6176. doi: 10.1038/ncomms7176

53. Yu Y, Ye RD. Microglial Abeta receptors in Alzheimer’s disease. Cell Mol Neurobiol. (2015) 35:71–83. doi: 10.1007/s10571-014-0101-6

54. Baik SH, Kang S, Son SM, Mook-Jung I. Microglia contributes to plaque growth by cell death due to uptake of amyloid beta in the brain of Alzheimer’s disease mouse model. Glia. (2016) 64:2274–90. doi: 10.1002/glia.23074

55. Veerhuis R, Janssen I, De Groot CJ, Van Muiswinkel FL, Hack CE, Eikelenboom P. Cytokines associated with amyloid plaques in Alzheimer’s disease brain stimulate human glial and neuronal cell cultures to secrete early complement proteins, but not C1-inhibitor. Exp Neurol. (1999) 160:289–99. doi: 10.1006/exnr.1999.7199

56. Li Y, Liu L, Kang J, Sheng JG, Barger SW, Mrak RE, et al. Neuronal–Glial Interactions Mediated by Interleukin-1 Enhance Neuronal Acetylcholinesterase Activity and mRNA Expression. The J Neurosci. (2000) 20:149–55. doi: 10.1523/jneurosci.20-01-00149.2000

57. Hickman SE, Allison EK, El Khoury J. Microglial dysfunction and defective beta-amyloid clearance pathways in aging Alzheimer’s disease mice. J Neurosci. (2008) 28:8354–60. doi: 10.1523/JNEUROSCI.0616-08.2008

58. Combs CK, Karlo JC, Kao S-C, Landreth GE. β-Amyloid stimulation of microglia and monocytes results in TNFα-dependent expression of inducible nitric oxide synthase and neuronal apoptosis. J Neurosci. (2001) 21:1179–88. doi: 10.1523/jneurosci.21-04-01179.2001

59. Houtman J, Freitag K, Gimber N, Schmoranzer J, Heppner FL, Jendrach M. Beclin1-driven autophagy modulates the inflammatory response of microglia via NLRP3. EMBO J. (2019) 38:e99430. doi: 10.15252/embj.201899430

60. Jarosz-Griffiths HH, Noble E, Rushworth JV, Hooper NM. Amyloid-beta receptors: the good, the bad, and the prion protein. J Biol Chem. (2016) 291:3174–83. doi: 10.1074/jbc.R115.702704

61. Bolmont T, Haiss F, Eicke D, Radde R, Mathis CA, Klunk WE, et al. Dynamics of the microglial/amyloid interaction indicate a role in plaque maintenance. J Neurosci. (2008) 28:4283–92. doi: 10.1523/JNEUROSCI.4814-07.2008

62. Moore KJ, El Khoury J, Medeiros LA, Terada K, Geula C, Luster AD, et al. A CD36-initiated signaling cascade mediates inflammatory effects of beta-amyloid. J Biol Chem. (2002) 277:47373–9. doi: 10.1074/jbc.M208788200

63. Yamanaka M, Ishikawa T, Griep A, Axt D, Kummer MP, Heneka MT. PPARgamma/RXRalpha-induced and CD36-mediated microglial amyloid-beta phagocytosis results in cognitive improvement in amyloid precursor protein/presenilin 1 mice. J Neurosci. (2012) 32:17321–31. doi: 10.1523/JNEUROSCI.1569-12.2012

64. Wang CY, Wang ZY, Xie JW, Cai JH, Wang T, Xu Y, et al. CD36 upregulation mediated by intranasal LV-NRF2 treatment mitigates hypoxia-induced progression of Alzheimer’s-like pathogenesis. Antioxid Redox Signal. (2014) 21:2208–30. doi: 10.1089/ars.2014.5845

65. Choi BR, Cho WH, Kim J, Lee HJ, Chung C, Jeon WK, et al. Increased expression of the receptor for advanced glycation end products in neurons and astrocytes in a triple transgenic mouse model of Alzheimer’s disease. Exp Mol Med. (2014) 46:e75. doi: 10.1038/emm.2013.147

66. Stewart CR, Stuart LM, Wilkinson K, van Gils JM, Deng J, Halle A, et al. CD36 ligands promote sterile inflammation through assembly of a Toll-like receptor 4 and 6 heterodimer. Nat Immunol. (2010) 11:155–61. doi: 10.1038/ni.1836

67. Afonina IS, Muller C, Martin SJ, Beyaert R. Proteolytic processing of interleukin-1 family cytokines: variations on a common theme. Immunity. (2015) 42:991–1004. doi: 10.1016/j.immuni.2015.06.003

68. Ahmed ME, Iyer S, Thangavel R, Kempuraj D, Selvakumar GP, Raikwar SP, et al. Co-localization of glia maturation factor with NLRP3 inflammasome and autophagosome markers in human Alzheimer’s disease brain. J Alzheimers Dis. (2017) 60:1143–60. doi: 10.3233/JAD-170634

69. Dempsey C, Rubio Araiz A, Bryson KJ, Finucane O, Larkin C, Mills EL, et al. Inhibiting the NLRP3 inflammasome with MCC950 promotes non-phlogistic clearance of amyloid-beta and cognitive function in APP/PS1 mice. Brain Behav Immun. (2017) 61:306–16. doi: 10.1016/j.bbi.2016.12.014

70. Kuwar R, Rolfe A, Di L, Xu H, He L, Jiang Y, et al. A novel small molecular NLRP3 inflammasome inhibitor alleviates neuroinflammatory response following traumatic brain injury. J Neuroinflammation. (2019) 16:81. doi: 10.1186/s12974-019-1471-y

71. Yap JKY, Pickard BS, Chan EWL, Gan SY. The role of neuronal NLRP1 inflammasome in Alzheimer’s disease: bringing neurons into the neuroinflammation game. Mol Neurobiol. (2019) 56:7741–53. doi: 10.1007/s12035-019-1638-7

72. Nimmerjahn A, Kirchhoff F, Helmchen F. Resting microglial cells are highly dynamic surveillants of brain parenchyma in vivo. Science. (2005) 308:1314–8. doi: 10.1126/science.1110647

73. Town T, Nikolic V, Tan J. The microglial “activation” continuum: from innate to adaptive responses. J Neuroinflammation. (2005) 2:24. doi: 10.1186/1742-2094-2-24

74. Colton CA. Heterogeneity of microglial activation in the innate immune response in the brain. J Neuroimmune Pharmacol. (2009) 4:399–418. doi: 10.1007/s11481-009-9164-4

75. Schwartz M, Butovsky O, Bruck W, Hanisch UK. Microglial phenotype: is the commitment reversible? Trends Neurosci. (2006) 29:68–74. doi: 10.1016/j.tins.2005.12.005

76. Hanisch UK, Kettenmann H. Microglia: active sensor and versatile effector cells in the normal and pathologic brain. Nat Neurosci. (2007) 10:1387–94. doi: 10.1038/nn1997

77. Dionisio-Santos DA, Olschowka JA, O’Banion MK. Exploiting microglial and peripheral immune cell crosstalk to treat Alzheimer’s disease. J Neuroinflammation. (2019) 16:74. doi: 10.1186/s12974-019-1453-0

78. Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majounie E, et al. TREM2 variants in Alzheimer’s disease. N Engl J Med. (2013) 368: 117–27.

79. Hooli BV, Parrado AR, Mullin K, Yip WK, Liu T, Roehr JT, et al. The rare TREM2 R47H variant exerts only a modest effect on Alzheimer disease risk. Neurology. (2014) 83:1353–8. doi: 10.1212/WNL.0000000000000855

80. Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson PV, Snaedal J, et al. Variant of TREM2 associated with the risk of Alzheimer’s disease. N Engl J Med. (2013) 368:107–16. doi: 10.1056/NEJMoa1211103

81. Paloneva J, Mandelin J, Kiialainen A, Bohling T, Prudlo J, Hakola P, et al. DAP12/TREM2 deficiency results in impaired osteoclast differentiation and osteoporotic features. J Exp Med. (2003) 198:669–75. doi: 10.1084/jem.20030027

82. Paloneva J, Manninen T, Christman G, Hovanes K, Mandelin J, Adolfsson R, et al. Mutations in two genes encoding different subunits of a receptor signaling complex result in an identical disease phenotype. Am J Hum Genet. (2002) 71:656–62. doi: 10.1086/342259

83. Takahashi K, Rochford CD, Neumann H. Clearance of apoptotic neurons without inflammation by microglial triggering receptor expressed on myeloid cells-2. J Exp Med. (2005) 201:647–57.

84. Hsieh CL, Koike M, Spusta SC, Niemi EC, Yenari M, Nakamura MC, et al. A role for TREM2 ligands in the phagocytosis of apoptotic neuronal cells by microglia. J Neurochem. (2009) 109:1144–56. doi: 10.1111/j.1471-4159.2009.06042.x

85. Mazaheri F, Snaidero N, Kleinberger G, Madore C, Daria A, Werner G, et al. TREM2 deficiency impairs chemotaxis and microglial responses to neuronal injury. EMBO Rep. (2017) 18:1186–98. doi: 10.15252/embr.201743922

86. Frank S, Burbach GJ, Bonin M, Walter M, Streit W, Bechmann I, et al. TREM2 is upregualated in amyloid plaques-associated microglia in Aged APP23 transgenic mice. Glia. (2008) 56:1438–47.

87. Ulrich JD, Finn MB, Wang Y, Shen A, Mahan TE, Jiang H, et al. Altered microglial response to Ab plaques in APPPS1-21 mice heterozygous for TREM2. Mol Neurodegener. (2014) 9:20. doi: 10.1186/1750-1326-9-20

88. Jay TR, Miller CM, Cheng PJ, Graham LC, Bemiller S, Broihier ML, et al. TREM2 deficiency eliminates TREM2+ inflammatiory macrophages and ameliorates pathology in Alzheimers’s Disease mouse models. J Exp Med. (2015) 212:287–95.

89. Jay TR, Hirsch AM, Broihier ML, Miller CM, Neilson LE, Ransohoff RM, et al. Disease progression-dependent effects of TREM2 deficiency in a mouse model of Alzheimer’s disease. Neurobiol Dis. (2017) 37:637–47.

90. Wang Y, Ulland TK, Ulrich JD, Song W, Tzaferis JA, Hole JT, et al. TREM-2 mediated early microglial response limits diffusion and toxicity of amyloid plaques. J Exp Med. (2016) 213:667–75.

91. Wang Y, Cella M, Mallinson K, Ulrich JD, Young KL, Robinette ML, et al. TREM2 lipid sensing sustains microglia response in an Alzheimer’s disease model. Cell. (2015) 160:1061–71.

92. Parhizkar S, Arzberger T, Brendel M, Kleinberger G, Deussing M, Focke C, et al. Loss of TREM2 function increases amyloid seeding but reduces plaque-associated ApoE. Nat Neurosci. (2019) 22:191–204. doi: 10.1038/s41593-018-0296-9

93. Verkhratsky A, Olabarria M, Noristani HN, Yeh CY, Rodriguez JJ. Astrocytes in Alzheimer’s disease. Neurotherapeutics. (2010) 7:399–412. doi: 10.1016/j.nurt.2010.05.017

94. Kalmár B, Kittel Á, Lemmens R, Környei Z, Madarász E. Cultured astrocytes react to LPS with increased cyclooxygenase activity and phagocytosis. Neurochem Int. (2001) 38:453–61. doi: 10.1016/s0197-0186(00)00090-5

95. Wallace MN, Geddes JG, Farquhar DA, Masson MR. Nitric oxide synthase in reactive astrocytes adjacent to beta-amyloid plaques. Exp Neurol. (1997) 144:266–72. doi: 10.1006/exnr.1996.6373

96. Gonzalez-Reyes RE, Nava-Mesa MO, Vargas-Sanchez K, Ariza-Salamanca D, Mora-Munoz L. Involvement of astrocytes in Alzheimer’s disease from a neuroinflammatory and oxidative stress perspective. Front Mol Neurosci. (2017) 10:427. doi: 10.3389/fnmol.2017.00427

97. Zamanian JL, Xu L, Foo LC, Nouri N, Zhou L, Giffard RG, et al. Genomic analysis of reactive astrogliosis. J Neurosci. (2012) 32:6391–410. doi: 10.1523/JNEUROSCI.6221-11.2012

98. Anderson MA, Burda JE, Ren Y, Ao Y, O’Shea TM, Kawaguchi R, et al. Astrocyte scar formation aids central nervous system axon regeneration. Nature. (2016) 532:195–200. doi: 10.1038/nature17623

99. Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L, et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature. (2017) 541:481–7. doi: 10.1038/nature21029

100. Laskowitz DT, Matthew WD, Bennett ER, Schmechel D, Herbstreith MH, Goel S, et al. Endogenous apolipoprotein E suppresses LPS-stimulated microglial nitric oxide production. Neuro Rep. (1998) 9:615–8.

101. Laskowitz DT, Goel S, Bennett ER, Matthew WD. Apolipoprotein E suppresses glial cell secretion of TNFα. J Neuroimmunol. (1997) 76:70–4. doi: 10.1016/s0165-5728(97)00021-0

102. Pocivavsek A, Rebeck GW. Inhibition of c-Jun N-terminal kinase increases apoE expression in vitro and in vivo. Biochem Biophys Res Commun. (2009) 387:516–20. doi: 10.1016/j.bbrc.2009.07.048

103. Bales K. Neuroinflammation and Alzheimer’s disease: critical roles for cytokine/Aβ-induced glial activation, NF-κB, and apolipoprotein E. Neurobiol Aging. (2000) 21:427–32. doi: 10.1016/s0197-4580(00)00143-3

104. Qiao X, Cummins DJ, Paul SM. Neuroinflammation-induced acceleration of amyloid deposition in the APPV717F transgenic mouse. Eur J Neurosci. (2001) 14:474–82. doi: 10.1046/j.0953-816x.2001.01666.x

105. Lynch JR, Tang W, Wang H, Vitek MP, Bennett ER, Sullivan PM, et al. APOE genotype and an ApoE-mimetic peptide modify the systemic and central nervous system inflammatory response. J Biol Chem. (2003) 278:48529–33. doi: 10.1074/jbc.M306923200

106. Colton C, Brown C, Cook D, Needham L, Xu Q, Czapiga M, et al. APOE and the regulation of microglial nitric oxide production: a link between genetic risk and oxidative stress. Neurobiol Aging. (2002) 23:777–85. doi: 10.1016/s0197-4580(02)00016-7

107. Vitek MP, Brown CM, Colton CA. APOE genotype specific differences in the innate immune response. Neurobiol Aging. (2009) 30:1350–60.

108. Hashimoto T, Serrano-Pozo A, Hori Y, Adams KW, Takeda S, Banerji AO, et al. Apolipoprotein E, especially apolipoprotein E4, increases the oligomerization of amyloid beta peptide. J Neurosci. (2012) 32:15181–92. doi: 10.1523/JNEUROSCI.1542-12.2012

109. Holtzman DM, Herz J, Bu G. Apolipoprotein E and apolipoprotein E receptors: normal biology and roles in Alzheimer disease. Cold Spring Harb Perspect Med. (2012) 2:a006312. doi: 10.1101/cshperspect.a006312

110. Strittmatter WJ, Weisgraber KH, Huang DY, Dong LM, Salvesen GS, Pericak-Vance M, et al. Binding of human apolipoprotein E to synthetic amyloid beta peptide: isoform-specific effects and implications for late-onset Alzheimer disease. Proc Natl Acad Sci USA. (1993) 90:8098–102. doi: 10.1073/pnas.90.17.8098

111. Sanan DA, Weisgraber KH, Russell SJ, Mahley RW, Huang D, Saunders A, et al. Apolipoprotein E associates with beta amyloid peptide of Alzheimer’s disease to form novel monofibrils. Isoform apoE4 associates more efficiently than apoE3. J Clin Invest. (1994) 94:860–9. doi: 10.1172/JCI117407

112. Liu CC, Zhao N, Fu Y, Wang N, Linares C, Tsai CW, et al. ApoE4 accelerates early seeding of amyloid pathology. Neuron. (2017) 96:1024–32e3. doi: 10.1016/j.neuron.2017.11.013

113. Castellano JM, Kim J, Stewart FR, Jiang H, DeMattos RB, Patterson BW, et al. Human apoE isoforms differentially regulate brain amyloid-beta peptide clearance. Sci Transl Med. (2011) 3:89ra57. doi: 10.1126/scitranslmed.3002156

114. Rodriguez GA, Tai LM, LaDu MJ, Rebeck GW. Human APOE4 increases microglia reactivity at Abeta plaques in a mouse model of Abeta deposition. J Neuroinflammation. (2014) 11:111. doi: 10.1186/1742-2094-11-111

115. Bales KR, Verina T, Cummins DJ, Du Y, Dodel RC, Saura J, et al. Apolipoprotein E is essential for amyloid deposition in the APP(V717F) transgenic mouse model of Alzheimer’s disease. Proc Natl Acad Sci USA. (1999) 96:15233–8. doi: 10.1073/pnas.96.26.15233

116. Wood SJ, Chan W, Wetzel R. Seeding of a beta fibril formation is inhibited by all three isotypes of apolipoprotein E. Biochemistry. (1996) 35:12623–8. doi: 10.1021/bi961074j

117. Harper JD, Lansbury PT Jr. Models of amyloid seeding in Alzheimer’s disease and scrapie: mechanistic truths and physiological consequences of the time-dependent solubility of amyloid proteins. Annu Rev Biochem. (1997) 66:385–407. doi: 10.1146/annurev.biochem.66.1.385

118. Nelson PT, Pious NM, Jicha GA, Wilcock DM, Fardo DW, Estus S, et al. APOE-epsilon2 and APOE-epsilon4 correlate with increased amyloid accumulation in cerebral vasculature. J Neuropathol Exp Neurol. (2013) 72:708–15. doi: 10.1097/NEN.0b013e31829a25b9

119. Ghebremedhin E, Schultz C, Thal DR, Rub U, Ohm TG, Braak E, et al. Gender and age modify the association between APOE and AD-related neuropathology. Neurology. (2001) 56:1696–701. doi: 10.1212/wnl.56.12.1696

120. Nagy ZS, Esiri MM, Jobst KA, Johnston C, Litchfield S, Sim E, et al. Influence of the apolipoprotein E genotype on amyloid deposition and neurofibrillary tangle formation in Alzheimer’s disease. Neuroscience. (1995) 69:757–61. doi: 10.1016/0306-4522(95)00331-c

121. Yoon SS, Jo SA. Mechanisms of amyloid-beta peptide clearance: potential therapeutic targets for Alzheimer’s disease. Biomol Ther (Seoul). (2012) 20:245–55. doi: 10.4062/biomolther.2012.20.3.245

122. Muth C, Hartmann A, Sepulveda-Falla D, Glatzel M, Krasemann S. Phagocytosis of apoptotic cells is specifically upregulated in ApoE4 expressing microglia in vitro. Front Cell Neurosci. (2019) 13:181. doi: 10.3389/fncel.2019.00181

123. Huang YA, Zhou B, Wernig M, Sudhof TC. ApoE2, ApoE3, and ApoE4 differentially stimulate APP transcription and abeta secretion. Cell. (2017) 168:427–41.e21. doi: 10.1016/j.cell.2016.12.044

124. Ulrich JD, Ulland TK, Mahan TE, Nyström S, Nilsson KP, Song WM, et al. ApoE facilitates the microglial response to amyloid plaque pathology. J Exp Med. (2018) 215:1047–58. doi: 10.1084/jem.20171265

125. Shi Y, Yamada K, Liddelow SA, Smith ST, Zhao L, Luo W, et al. ApoE4 markedly exacerbates tau-mediated neurodegeneration in a mouse model of tauopathy. Nature. (2017) 549:523–7. doi: 10.1038/nature24016

126. Shi Y, Manis M, Long J, Wang K, Sullivan PM, Remolina Serrano J, et al. Microglia drive APOE-dependent neurodegeneration in a tauopathy mouse model. J Exp Med. (2019) 216:2546–61. doi: 10.1084/jem.20190980

127. Sosna J, Philipp S, Albay R III, Reyes-Ruiz JM, Baglietto-Vargas D, LaFerla FM, et al. Early long-term administration of the CSF1R inhibitor PLX3397 ablates microglia and reduces accumulation of intraneuronal amyloid, neuritic plaque deposition and pre-fibrillar oligomers in 5XFAD mouse model of Alzheimer’s disease. Mol Neurodegener. (2018) 13:11. doi: 10.1186/s13024-018-0244-x

128. Bailey CC, DeVaux LB, Farzan M. The triggering receptor expressed on myeloid cells 2 binds apolipoprotein E. J Biol Chem. (2015) 290:26033–42. doi: 10.1074/jbc.M115.677286

129. Yeh FL, Wang Y, Tom I, Gonzalez LC, Sheng M. TREM2 binds to apolipoproteins, including APOE and CLU/APOJ and thereby facilitates uptake of amyloid-beta by micrglia. Neuron. (2016) 91:328–40. doi: 10.1016/j.neuron.2016.06.015

130. Atagi Y, Liu CC, Painter MM, Chen XF, Verbeeck C, Zheng H, et al. Apolipoprotein E is a ligand for triggering receptor expressed on myeloid cells 2 (TREM2). J Biol Chem. (2015) 209:26043–50.

131. Deczkowska A, Keren-Shaul H, Weiner A, Colonna M, Schwartz M, Amit I. Disease-associated microglia: a universal immune sensor of neurodegeneration. Cell. (2018) 173:1073–81. doi: 10.1016/j.cell.2018.05.003

132. Pimenova AA, Marcora E, Goate AM. A tale of two genes: microglial apoe and Trem2. Immunity. (2017) 47:398–400. doi: 10.1016/j.immuni.2017.08.015

133. Lee CYD, Daggett A, Gu X, Jiang LL, Langfelder P, Li X, et al. Elevated TREM2 gene dosage reprograms microglia responsivity and ameliorates pathological phenotypes in Alzheimer’s disease models. Neuron. (2018) 97:1032–48e5. doi: 10.1016/j.neuron.2018.02.002

134. Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El Fatimy R, et al. The TREM2-APOE pathway drives the transcriptional phenotype of dysfunctional microglia in neurodegenerative diseases. Immunity. (2017) 47:566–81.e9. doi: 10.1016/j.immuni.2017.08.008

135. Ignatius MJ, Gebicke-Harter PJ, Skene JH, Schilling JW, Weisgraber KH, Mahley RW, et al. Expression of apolipoprotein E during nerve degeneration and regeneration. Proc Natl Acad Sci USA. (1986) 83:1125–9. doi: 10.1073/pnas.83.4.1125

136. Fagan AM, Murphy BA, Patel SN, Kilbridge JF, Mobley WC, Bu G, et al. Evidence for normal aging of the septo-hippocampal cholinergic system in apoE. (-/-) mice but impaired clearance of axonal degeneration products following injury. Exp Neurol. (1998) 151:314–25. doi: 10.1006/exnr.1998.6818

137. Lane-Donovan C, Wong WM, Durakoglugil MS, Wasser CR, Jiang S, Xian X, et al. Genetic restoration of plasma apoe improves cognition and partially restores synaptic defects in ApoE-deficient mice. J Neurosci. (2016) 36:10141–50. doi: 10.1523/JNEUROSCI.1054-16.2016

138. Di Meco A, Curtis ME, Lauretti E, Pratico D. Autophagy dysfunction in Alzheimer’s disease: mechanistic insights and new therapeutic opportunities. Biol Psychiatry. (2019) 87:797–807. doi: 10.1016/j.biopsych.2019.05.008

139. Cortes CJ, La Spada AR. TFEB dysregulation as a driver of autophagy dysfunction in neurodegenerative disease: molecular mechanisms, cellular processes, and emerging therapeutic opportunities. Neurobiol Dis. (2019) 122:83–93. doi: 10.1016/j.nbd.2018.05.012

140. Parcon PA, Balasubramaniam M, Ayyadevara S, Jones RA, Liu L, Shmookler Reis RJ, et al. Apolipoprotein E4 inhibits autophagy gene products through direct, specific binding to CLEAR motifs. Alzheimers Dement. (2018) 14:230–42. doi: 10.1016/j.jalz.2017.07.754

141. Riddell DR, Zhou H, Atchison K, Warwick HK, Atkinson PJ, Jefferson J, et al. Impact of apolipoprotein E (ApoE) polymorphism on brain ApoE levels. J Neurosci. (2008) 28:11445–53. doi: 10.1523/JNEUROSCI.1972-08.2008

142. Chu Q, Diedrich JK, Vaughan JM, Donaldson CJ, Nunn MF, Lee KF, et al. HtrA1 proteolysis of ApoE in vitro is allele selective. J Am Chem Soc. (2016) 138:9473–8. doi: 10.1021/jacs.6b03463

143. Huang Y, Liu XQ, Wyss-Coray T, Brecht WJ, Sanan DA, Mahley RW. Apolipoprotein E fragments present in Alzheimer’s disease brains induce neurofibrillary tangle-like intracellular inclusions in neurons. Proc Natl Acad Sci USA. (2001) 98:8838–43. doi: 10.1073/pnas.151254698

144. Munoz SS, Garner B, Ooi L. Understanding the role of ApoE fragments in Alzheimer’s disease. Neurochem Res. (2019) 44:1297–305. doi: 10.1007/s11064-018-2629-1

145. Laskowitz DT, Thekdi AD, Thekdi SD, Han SK, Myers JK, Pizzo SV, et al. Downregulation of microglial activation by apolipoprotein E and apoE-mimetic peptides. Exp Neurol. (2001) 167:74–85. doi: 10.1006/exnr.2001.7541

146. Montagne A, Zhao Z, Zlokovic BV. Alzheimer’s disease: a matter of blood-brain barrier dysfunction? J Exp Med. (2017) 214:3151–69. doi: 10.1084/jem.20171406

147. Friedman G, Froom P, Sazbon L, Grinblatt I, Shochina M, Tsenter J, et al. Apolipoprotein E-epsilon4 genotype predicts a poor outcome in survivors of traumatic brain injury. Neurology. (1999) 52:244–8. doi: 10.1212/wnl.52.2.244

148. Sorbi S, Nacmias B, Piacentini S, Repice A, Latorraca S, Forleo P, et al. ApoE as a prognostic factor for post-traumatic coma. Nat Med. (1995) 1:852. doi: 10.1038/nm0995-852

149. Teasdale GM, Nicoll JAR, Murray G, Fiddes M. Association of apolipoprotein E polymorphism with outcome after head injury. Lancet. (1997) 350:1069–71. doi: 10.1016/s0140-6736(97)04318-3

150. Biffi A, Sonni A, Anderson CD, Kissela B, Jagiella JM, Schmidt H, et al. International stroke genetics C. variants at APOE influence risk of deep and lobar intracerebral hemorrhage. Ann Neurol. (2010) 68:934–43. doi: 10.1002/ana.22134

151. Nishitsuji K, Hosono T, Nakamura T, Bu G, Michikawa M. Apolipoprotein E regulates the integrity of tight junctions in an isoform-dependent manner in an in vitro blood-brain barrier model. J Biol Chem. (2011) 286:17536–42. doi: 10.1074/jbc.M111.225532

152. Turner RJ, Sharp FR. Implications of MMP9 for blood brain barrier disruption and hemorrhagic transformation following ischemic stroke. Front Cell Neurosci. (2016) 10:56. doi: 10.3389/fncel.2016.00056

153. Bell RD, Winkler EA, Singh I, Sagare AP, Deane R, Wu Z, et al. Apolipoprotein E controls cerebrovascular integrity via cyclophilin A. Nature. (2012) 485:512–6. doi: 10.1038/nature11087

154. Main BS, Villapol S, Sloley SS, Barton DJ, Parsadanian M, Agbaegbu C, et al. Apolipoprotein E4 impairs spontaneous blood brain barrier repair following traumatic brain injury. Mol Neurodegener. (2018) 13:17. doi: 10.1186/s13024-018-0249-5

155. Yamazaki Y, Shinohara M, Yamazaki A, Ren Y, Asmann YW, Kanekiyo T, et al. ApoE (Apolipoprotein E) in brain pericytes regulates endothelial function in an isoform-dependent manner by modulating basement membrane components. Arterioscler Thromb Vasc Biol. (2020) 40:128–44. doi: 10.1161/ATVBAHA.119.313169

156. Wilcock DM, Morgan D, Gordon MN, Taylor TL, Ridnour LA, Wink DA, et al. Activation of matrix metalloproteinases following anti-Abeta immunotherapy; implications for microhemorrhage occurrence. J Neuroinflammation. (2011) 8:115. doi: 10.1186/1742-2094-8-115

157. Muza P, Bachmeier C, Mouzon B, Algamal M, Rafi NG, Lungmus C, et al. APOE Genotype specific effects on the early neurodegenerative sequelae following chronic repeated mild traumatic brain injury. Neuroscience. (2019) 404:297–313. doi: 10.1016/j.neuroscience.2019.01.049

158. Da Mesquita S, Louveau A, Vaccari A, Smirnov I, Cornelison RC, Kingsmore KM, et al. Functional aspects of meningeal lymphatics in ageing and Alzheimer’s disease. Nature. (2018) 560:185–91. doi: 10.1038/s41586-018-0368-8

159. Sweeney MD, Zlokovic BV. A lymphatic waste-disposal system implicated in Alzheimer’s disease. Nature. (2018) 560:172–4. doi: 10.1038/d41586-018-05763-0

160. Zhao N, Attrebi ON, Ren Y, Qiao W, Sonustun B, Martens YA, et al. APOE4 exacerbates alpha-synuclein pathology and related toxicity independent of amyloid. Sci Transl Med. (2020) 12:eaay1809. doi: 10.1126/scitranslmed.aay1809

161. Davis AA, Inman CE, Wargel ZM, Dube U, Freeberg BM, Galluppi A, et al. APOE genotype regulates pathology and disease progression in synucleinopathy. Sci Transl Med. (2020) 12:eaay3069. doi: 10.1126/scitranslmed.aay3069

162. ASPE National Plan to Address Alzheimer’s Disease: 2019 Update2019. Rosemont, IL: American Society of Plumbing Engineers. (2019).

163. Salloway S, Sperling R, Gilman S, Fox NC, Blennow K, Raskind M, et al. A phase 2 multiple ascending dose trial of bapineuzumab in mild to moderate Alzheimer disease. Neurology. (2009) 73:2061–70. doi: 10.1212/WNL.0b013e3181c67808

164. Sperling R, Salloway S, Brooks DJ, Tampieri D, Barakos J, Fox NC, et al. Amyloid-related imaging abnormalities in patients with Alzheimer’s disease treated with bapineuzumab: a retrospective analysis. Lancet Neurol. (2012) 11:241–9. doi: 10.1016/s1474-4422(12)70015-7

165. Doody RS, Farlow M, Aisen PS, Alzheimer’s Disease Cooperative Study Data Analysis and Publication Committee. Phase 3 trials of solanezumab and bapineuzumab for Alzheimer’s disease. N Engl J Med. (2014) 370:1459–60. doi: 10.1056/NEJMc1402193

166. Sevigny J, Chiao P, Bussiere T, Weinreb PH, Williams L, Maier M, et al. The antibody aducanumab reduces Abeta plaques in Alzheimer’s disease. Nature. (2016) 537:50–6. doi: 10.1038/nature19323

167. Solomon A, Turunen H, Ngandu T, Peltonen M, Levalahti E, Helisalmi S, et al. Effect of the apolipoprotein E genotype on cognitive change during a multidomain lifestyle intervention: a subgroup analysis of a randomized clinical trial. JAMA Neurol. (2018) 75:462–70. doi: 10.1001/jamaneurol.2017.4365

168. Ngandu T, Lehtisalo J, Solomon A, Levälahti E, Ahtiluoto S, Antikainen R, et al. A 2 year multidomain intervention of diet, exercise, cognitive training, and vascular risk monitoring versus control to prevent cognitive decline in at-risk elderly people (FINGER): a randomised controlled trial. Lancet. (2015) 385:2255–63. doi: 10.1016/s0140-6736(15)60461-5


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.

Copyright © 2020 Kloske and Wilcock. 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: 20 May 2020
doi: 10.3389/fimmu.2020.00997






[image: image2]

CCL2 Overexpression in the Brain Promotes Glial Activation and Accelerates Tau Pathology in a Mouse Model of Tauopathy

Aurelie Joly-Amado1, Jordan Hunter2, Zainuddin Quadri2, Frank Zamudio2, Patricia V. Rocha-Rangel3, Deanna Chan1, Anisha Kesarwani1, Kevin Nash1, Daniel C. Lee2, Dave Morgan3, Marcia N. Gordon3 and Maj-Linda B. Selenica2,4*


1Molecular Pharmacology and Physiology, College of Medicine, University of South Florida, Tampa, FL, United States

2Pharmaceutical Sciences, College of Pharmacy, University of South Florida, Tampa, FL, United States

3Michigan State University, Department of Translational Neuroscience, Grand Rapids, MI, United States

4Sanders-Brown Center on Aging, Department of Molecular and Cellular Biochemistry, University of Kentucky, Lexington, KY, United States

Edited by:
Jorge Ivan Alvarez, University of Pennsylvania, United States

Reviewed by:
Mariko Bennett, Children's Hospital of Philadelphia, United States
 Sandro Dá Mesquita, University of Virginia, United States

*Correspondence: Maj-Linda B. Selenica, maj-linda.selenica@uky.edu

Specialty section: This article was submitted to Multiple Sclerosis and Neuroimmunology, a section of the journal Frontiers in Immunology

Received: 04 December 2019
 Accepted: 27 April 2020
 Published: 20 May 2020

Citation: Joly-Amado A, Hunter J, Quadri Z, Zamudio F, Rocha-Rangel PV, Chan D, Kesarwani A, Nash K, Lee DC, Morgan D, Gordon MN and Selenica M-LB (2020) CCL2 Overexpression in the Brain Promotes Glial Activation and Accelerates Tau Pathology in a Mouse Model of Tauopathy. Front. Immunol. 11:997. doi: 10.3389/fimmu.2020.00997



Innate immune activation is a major contributor to Alzheimer's Disease (AD) pathophysiology, although the mechanisms involved are poorly understood. Chemokine C-C motif ligand (CCL) 2 is produced by neurons and glial cells and is upregulated in the AD brain. Transgene expression of CCL2 in mouse models of amyloidosis produces microglia-induced amyloid β oligomerization, a strong indication of the role of these activation pathways in the amyloidogenic processes of AD. We have previously shown that CCL2 polarizes microglia in wild type mice. However, how CCL2 signaling contributes to tau pathogenesis remains unknown. To address this question, CCL2 was delivered via recombinant adeno-associated virus serotype 9 into both cortex and hippocampus of a mouse model with tau pathology (rTg4510). We report that CCL2 overexpression aggravated tau pathology in rTg4510 as shown by the increase in Gallyas stained neurofibrillary tangles as well as phosphorylated tau-positive inclusions. In addition, biochemical analysis showed a reduction in the levels of detergent-soluble tau species followed by increase in the insoluble fraction, indicating a shift toward larger tau aggregates. Indeed, increased levels of high molecular weight species of phosphorylated tau were found in the mice injected with CCL2. We also report that worsening of tau pathology following CCL2 overexpression was accompanied by a distinct inflammatory response. We report an increase in leukocyte common antigen (CD45) and Cluster of differentiation 68 (CD68) expression in the brain of rTg4510 mice without altering the expression levels of a cell-surface protein Transmembrane Protein 119 (Tmem119) and ionized calcium-binding adaptor molecule 1 (Iba-1) in resident microglia. Furthermore, the analysis of cytokines in brain extract showed a significant increase in interleukin (IL)-6 and CCL3, while CCL5 levels were decreased in CCL2 mice. No changes were observed in IL-1α, IL-1β, TNF-α. IL-4, Vascular endothelial growth factor-VEGF, IL-13 and CCL11. Taken together our data report for the first time that overexpression of CCL2 promotes the increase of pathogenic tau species and is associated with glial neuroinflammatory changes that are deleterious. We propose that these events may contribute to the pathogenesis of Alzheimer's disease and other tauopathies.
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INTRODUCTION

Alzheimer's disease (AD) is a progressive neurodegenerative disease, which is characterized by the formation of extracellular amyloid plaques (or senile plaques) and intracellular neurofibrillary tangles resulting from tau protein hyperphosphorylation and aggregation. Glial and innate immune activation are also hallmarks of AD although their contribution to the etiopathology of the disease is unclear. Microglia, the resident inflammatory cells of the brain, are found in a highly activated state in the AD brain. Activation of microglia is indicated by morphological alterations, proliferation, increased expression of cell surface receptors, and secretion of cytokines and chemokines (1). In AD, Aβ and tau pathology have been shown to activate microglia both in vivo and in vitro (2). Interestingly, microglial activation can precede the emergence of amyloid or tau pathology in some mouse models (3, 4), suggesting that it is an early event promoting Aβ and tau pathologies. The CC-chemokine ligand 2 (CCL2), also known as monocyte chemotactic protein-1 (MCP-1), is present in the brain and produced by microglia, neurons, activated astrocytes, and mononuclear phagocytes (5). CCL2 binds to the CC-chemokine receptor 2 (CCR2) to regulate cell infiltration into peripheral tissue and brain during infectious and inflammatory events affecting disease processes (6–8). Data analysis of cytokines and chemokines levels in brain tissue from AD patients revealed an increase in CCL2 expression compared to age matched healthy patients (9, 10). Interestingly, in brain tissue of AD patients, CCL2 is present in neurons, astrocytes, reactive microglia, as well as senile plaques and micro vessels (9–12). Further, CCL2 levels in CSF (13) and plasma (14) correlates with a faster cognitive decline in AD patients and in an asymptomatic aging adult population (15). Thus, CCL2 seems to be a viable candidate to glial activation in the neuropathology of AD and other tauopathies.

Studies of CCL2 in animal models with amyloid deposition have highlighted the role of CCL2 in the disease and its contribution to AD pathology. In particular, it appears that CCL2-signaling can exacerbate Aβ pathology in animal models of AD. For instance, Yamamoto and colleagues have demonstrated that the bigenic APP/CCL2 mice, overexpressing CCL2 under the control of the human glial fibrillar acidic protein (GFAP) promoter, displayed increased microgliosis and astrogliosis, enhanced Aβ aggregation and amyloid plaques with no alteration of APP processing when compared to APP mice (16). The authors later reported hippocampal synaptic dysfunction and worsening of memory impairment in this model (17). Conversely, double mutant APP/PS1/CCL2 null mice also displayed increased levels of Aβ oligomers, microglia accumulation around plaques, impaired neurogenesis and worsening of cognitive dysfunction (18). Similarly, a total deficiency in CCR2 precipitates Aβ accumulation by decreasing Aβ clearance in APP mice (19) demonstrating the ambiguity of the role of CCL2 on Aβ pathology.

Opposite results were however observed in a recent study showing that total CCL2 deficiency in the 5xFAD amyloid mouse model, improved cognition during Y-maze, normalized IL-1β and CCL3 levels, reduced astrogliosis and amyloid plaque formation as well as Aβ accumulation and neurodegeneration (20). In parallel, reduction of microglia activation and Aβ accumulation in APP/PS1 following genetic manipulations correlated with decreased CCL2 in the brain (21) consistent with Gutierrez's findings. Although the mechanisms of action of this dual role for CCL2 remain to be elucidated, it appears clear that CCL2—CCR2 signaling contributes to Aβ pathology, independently of an APP processing mechanism. However, the studies investigating the role of CCL2—CCR2 pathway in tau pathology are very scarce. Indeed, we could only find one report relating the effects of CCR2 manipulation on tau pathology in which genetic deletion of Ccr2 reduced traumatic lesions but enhanced endogenous tau hyperphosphorylation in the brain of a mouse model of traumatic brain injury (22). This emphasizes the need for further studies elucidating the role of CCL2 in tau pathology.

Toward this goal, we investigated the role of CCL2 cerebral overexpression on glial activation and tau pathology in the rTg4510 mouse model of tauopathy. We have previously shown that overexpression of CCL2 through rAAV9 transduction achieved glial activation in aged non-transgenic mice (23). Therefore, overexpression of CCL2 or RFP via rAAV9-virus was utilized to transduce anterior cerebral cortex and hippocampus of 5-month-old rTg4510 tau mice. We report that CCL2 overexpression induced worsening in tau pathology by inducing tau phosphorylation, increase in phosphorylated high molecular tau species as well as insoluble tau. We also found that CCL2 induced microgliosis and changes in astrocytic morphogenesis together with changes in inflammatory cytokines in the brain of rTg4510 mice.

Altogether our data show for the first time that cerebral overexpression of CCL2 facilitates tau accumulation together with glial neuroinflammatory changes in a relevant mouse model of tauopathy. Neuroinflammatory pathways and specifically the CCL2—CCR2 axis could be determinant factors in identifying new targets that aim at reducing the common underlying pathology in Alzheimer's disease and dementia-related tauopathies.



METHODS


Animals

All animal testing procedures were approved by the Institutional Animal Care and Use Committee of the University of South Florida and were performed in accordance with the eighth edition of the “Guide for the Care and Use of Laboratory Animals,” published by the National Academy of Science, the National Academies Press, Washington, DC (2011).

The regulatable Tg4510 (rTg4510) mouse line was used for this study. Parental mutant tau and tetracycline-controlled transactivator (tTA) protein mouse lines were maintained separately and bred to produce rTg4510, non-transgenic and tTA only littermates as described previously (24). The rTg4510 mouse carries the P301L mutation (tetO-MAPT*P301L), which is associated with an autosomal dominantly inherited dementia referred to as frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17) (25). Although recent work suggests that some of the Tg4510 phenotype may be due to insertional mutagenesis events (26), this should not confound comparisons of treatments within the rTg4510 line.

Transgenic APP/PS1 mice were obtained from a breeding colony at the University of South Florida and have been maintained for >20 years. This line has been shown to have a selective increase in the level of Aβ42 as opposed to Aβ40 (27) and to develop extracellular Aβ deposits, which increase in number, size and density with aging (28). Mice were housed individually and maintained on a 12-h light/dark cycle. Food (E2018, Envigo) and water was given ad libitum



Experimental Design

Five-month-old rTg4510 mice balanced for sex underwent intracranial bilateral injection of rAAV9-CCL2 (n = 6) or red fluorescent protein (RFP, n = 6) in both the hippocampus and the anterior cortex for a total of four injections. Two months after the intracranial injections, brain tissue was collected.

To measure the effect of CCL2 overexpression on amyloid pathology, a similar experiment was conducted on APP/PS1 mice. Twenty-month-old APP/PS1 mice received intracranial bilateral injection of rAAV9-CCL2 (n = 10) or green fluorescent protein (GFP, n = 10) in both the hippocampus and the anterior cortex. Four months after intracranial injections, brain tissue was collected.

For all animals and post-perfusion, half of the brain was collected for histology and tissue from the other half of the brain was dissected and utilized for western analysis or multiplex assays as described below. Studies conducted at our laboratory for almost one decade have demonstrated the efficacy of recombinant adeno-associated virus (rAAV) serotype 9 to transduce neurons within specific regions in the mouse brain (29–32). rAAV9 drives robust gene expression as early as 1 week in vitro and in vivo (33, 34) and persists for more than 9 months in mouse brain (35). Therefore, rAAV9 is a preferred candidate to deliver CCL2/RFP in vivo as previously reported (23). We chose to examine neuroinflammation and tau pathology after 2–4 months of viral injection to allow strong expression and to provide time for recovery from the intracranial injection.



CCL2/RFP-AAV9 Preparation

The CCL2/RFP clone was generated as previously described (23). Briefly, mouse cDNA was amplified using PCR with primers 5′- GAGACCGGTCCACCATGCAGGTCCCTGTCATGCTTC-3′ and 5′GAGGCTAGCCTAGTTCACTGTCACACTGGTCACTCC-3′. CCL2 was cloned into the AgeI and NheI sites of the rAAV vector pTR2-RMCS under the control of the hybrid cytomegalovirus chicken β-actin promoter. This vector also expresses red fluorescent protein (RFP) under the control of the thymidine kinase promoter and AAV2 terminal repeats. rAAV serotype 9 virus was generated using pAAV9 and pXX6 in HEK293 cells as described previously (23, 29).



Intracranial Injections

The injection procedures were performed using a convection-enhanced delivery method described previously (29). Briefly, mice were anesthetized with 1.5% isoflurane with oxygenation and secured into a stereotactic apparatus. Five-mo.-old rTg4510 mice received bilateral injections of 2 μl of rAAV9-CCL2 (7 × 10∧12 vector genomes (vg)/ml, n = 6) or 2 μl of rAAV9-RFP (control, n = 6 × 10∧12 vg/ml, control, n = 6) into both cortex and hippocampus. Twenty-mo.-old APP/PS1 mice received bilateral injections of 2 μl of rAAV9-CCL2 (7 × 10∧12 vector genomes (vg)/ml, n = 6) or 2 μl of rAAV9-GFP (control, n = 9 × 10∧12 vg/ml, control, n = 6). The coordinates of injection were as follows: hippocampus (from bregma) anteroposterior −2.7 mm, lateral ±2.7 mm, dorsoventral −3.0 mm; cortex, anteroposterior (from bregma) +2.2 mm, lateral ±1.7 mm, dorsoventral −3.0 mm. A microsyringe injector and controller (Stoelting, Wood Dale, IL, USA) were used to inject 2 μl of the virus at a constant rate of 2.5 μl/min in each placement. The needle was kept in place for 1 min after injection and then raised slowly. Mice were allowed to recover for 2 months.



Tissue Collection

Mice were euthanized 2 (rTg4510 mice) or 4 (APP/PS1) months after injection, at 7 or 24 months of age, with a solution containing pentobarbital and phenytoin, then transcardially perfused with 25 ml of 0.9% normal saline solution. Brains were collected immediately following perfusion. One hemisphere was dissected and frozen for western blot analysis and the second hemisphere was immersion fixed in 4% phosphate-buffered paraformaldehyde for 24 h. The fixed hemispheres were cryoprotected in successive incubations of 10, 20, and 30% sucrose solutions for 24 h each. Subsequently, brains were frozen on a cold stage and sectioned in the horizontal plan (25 μm thickness) on a sliding microtome and stored in Dulbecco's phosphate buffered saline with 10 mM sodium azide solution at 4°C. Keeping one hemisphere for biochemistry and one for histochemistry allows to perform both analyses on all the animals (N = 6 per treatment group for western blot as well as immunochemistry).



Histopathology

Stereological principles were employed to select the sections stained for each marker. Immunohistochemical procedural methods were described (28). Six to eight sections per animal (N = 6 per treatment group) were placed in a multi-sample staining tray and endogenous peroxidase was blocked (10% methanol, 3% H2O2 in phosphate buffered saline, 10 mM NaPO4, 0.8%NaCl, pH 7.4, PBS;30 min). Tissue samples were permeabilized with 0.2% lysine, 1%Triton X-100 in PBS solution and incubated overnight in primary antibody. The following primary antibodies were used for immunohistochemistry: CCL2 (rat anti-CCL2; R&D Systems, Minneapolis, MN, USA), CD45 (rat anti-mouse; AbD Serotec, Raleigh, NC, USA), CD68 (Bio-Rad, Hercules, CA), Iba-1 (Wako, Richmond, VA) anti-tau phosphorylated at Ser396 (rabbit polyclonal, Anaspec, Fremont, CA), total tau H150 (rabbit polyclonal, SantaCruz Biotechnology), anti-tau phosphorylated at Ser202/Thr205 AT8 (Thermo scientific, Waltham, MA), anti-Aβ (prepared by Paul Gottschall, UAMS, Arkansas, USA). Sections were washed in PBS, and then incubated in corresponding biotinylated secondary antibody (Vector Laboratories, Burlingame, CA). The tissue was again washed after 2 h and incubated with Vectastain® Elite® ABC kit (Vector Laboratories, Burlingame, CA) for enzyme conjugation. Finally, sections were stained using 0.05% diaminobenzidine, 0.5% nickel ammonium sulfate and 0.03% H2O2. Tissue sections were mounted onto slides, dehydrated, cover slipped and prepared for analysis.

Immunofluorescence labeling for GFAP (Abcam, Burlingame, CA), Tmem119 (rabbit polyclonal, abcam, Cambridge, UK) and Iba-1 (goat polyclonal, abcam, Cambridge, UK) was performed as follows. After incubation with the primary antibody, the free-floating sections were incubated for 2 h with corresponding Alexa Fluor 488 or 647 fluorophore-coupled antibody (1:1,500; Invitrogen, Grand Island, NY, USA). Possible lipofuscin artifacts were quenched by treating slides with 3% Sudan Black B stain as described previously (36). Sections were rinsed in Dulbecco's PBS and coverslipped with VECTASHIELD Vibrance antifade mounting medium with or without 4′,6-diamidino-2-phenylindole (Vector Laboratories). Gallya's staining was performed as described (37). Briefly, slides were treated with 5% periodic acid for 5 min, washed with water, and incubated sequentially in silver iodide (1 min) and 0.5% acetic acid (10 min) solutions prior to being placed in developer solution (2.5% sodium carbonate, 0.1% ammonium nitrate, 0.1% silver nitrate, 1% tungstosilicic acid, 0.7% formaldehyde). Slides were treated with 0.5% acetic acid to stop the reaction, then incubated with 0.1% gold chloride and placed in 1% sodium thiosulfate. Following a final wash in water, slides were dehydrated and coverslipped. Congo red histology was performed as described (38). Briefly, 2.5 mM NaOH was added to a saturated sodium chloride-ethanol solution, and slides were incubated for 20 min. Subsequently, slides were incubated in 0.2% Congo red in alkaline alcoholic saturated sodium chloride solution for 30 min. Slides were rinsed through 3 changes of 100% ethanol, cleared through 3 changes of xylene, and coverslipped with Di-N-butyl phthalate in xylene (DPX; VWR, vwr.com).


Tissue Imaging and Quantification

Immuno-labeled sections were imaged using a Zeiss Axio Scan Z1 digital slide scanner at various magnification as indicated in each figure legend. Digital images of each slide and its sections were analyzed for threshold-defined pixel-positive area fraction using custom-designed image analysis software (Nearcyte, Zeiss). Values for all sections from the same mouse were averaged to represent a single value for that region in subsequent statistical analysis. For all analyses, an investigator blinded to the study conditions captured the hippocampi for each animal (N = 6, 8 section per animal).

Immunofluorescent labeled sections were imaged using a Nikon C2Plus Confocal Microscope. Representative images of the Tmem119 and Iba-1 microglia positive surfaces were capture using galvano-sequential scanning and 60x magnification was captured using the z-stack feature (1.2 AU pinhole, 50 nm pixel size) in NIS-Elements AR 5.11.01 software. For co-localization analysis, Mander's overlap coefficient was preferred over Pearson correlation coefficient, to avoid differences in fluorescence intensities between both antigens and the auto-background (39).



Sholl Analysis

To measure the astrocytic arborization we performed Sholl analysis of GFAP positive astrocytes using the Fiji plug-in for ImageJ (http://fiji.sc/Sholl_Analysis) following previously published analysis protocol (40). Briefly, individual cells with maximum projection were analyzed using fluorescence imaging (16-bit greyscale). Images were adjusted to the brightness and contrast threshold as indicated in the analysis software. A line was drawn manually from the soma of astrocytes to the end of its arbors to ensure maximum intersection points per cell. The radius of 50 μm was kept constant for each cell analyzed within the region of interest (ROI). From the tiled 2D images of the cortex the morphology of selected astrocytes was isolated. Sholl analysis software was used to retrieve the cellular metrics. The number of intersections from the output data were graphed using GraphPad Prism 8.03.




Western Blotting

Tissues for Western blot analysis were prepared as previously described (41). Dissected hippocampi (HPC) were homogenized then sonicated in radio-immunoprecipitation assay (RIPA) buffer containing protease inhibitor cocktail (Sigma Aldrich) and phosphatase inhibitor cocktails I and II (Sigma Aldrich) and centrifuged at 40,000 x G for 30 min at 4°C. The supernatant was collected, and protein concentrations were determined by the BCA protein assay kit (Pierce, Rockford, IL). The remaining pellet was dissolved with 70% formic acid according to the wet tissue weight, and then neutralized with NaOH to analyze RIPA-soluble proteins. Equal amounts of proteins according to BCA (5 μg/well for soluble fraction, 1 μg/well for insoluble fraction) were loaded in each well of a 4–12% Bis-tris gels and transferred to a 0.2 μm pore size nitrocellulose membrane and immunoblotted with H150 (Santacruz Biotechnology, Dallas, TX), pSer396 tau (Anaspec, Fremont, CA), PHF1 (Fisher Scientific, Waltham, MA), AT180 (Fisher Scientific, Waltham, MA) and pSer199/202 tau (Anaspec, Fremont, CA) at 1:1,000-fold dilution. Band intensities at the 55 and 64 kDa range were quantified by densitometric analysis using AlphaEase software (Alpha Innoch, CA, USA) and normalized to the band intensity of GAPDH (for RIPA soluble fraction) and total protein (RIPA insoluble fraction).



Multiplex Chemokine/Cytokine Assay

Snap-frozen right hippocampi from all the animals were homogenized in RIPA buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM ethylene diamine tetra-acetic acid, 1% Triton X-100, protease inhibitor cocktail and phosphatase inhibitor cocktail I and II; Sigma). The protein concentration of each sample was measured using the Bradford protein assay (Bio-Rad Laboratories, Hercules, CA, USA) and adjusted to 4.5 mg/ml. The concentrations of Interleukin-6, C-C motif ligand 3 (CCL3), Interleukin 1 alpha (IL-1α), C-C motif ligand 5 (CCL5), Tumor Necrosis Factor-alpha (TNF-α), Interleukin 1 beta (IL-1β), Interleukin 10 (IL-10), Interleukin 13 (IL-13), Vascular endothelial growth factor (VEGF), KC, C-C motif ligand 11 (CCL11), Interferon-gamma (IFN-γ), and Interleukin 4 (IL-4) were measured using the mouse cytokine/chemokine panel (MILLIPLEX MAP kit; Millipore, Billerica, MA, USA) according to the manufacturer's protocol. In brief, the Bio-Plex Suspension Array System (Bio-Rad Laboratories) was calibrated using CAL2 with the high PMT setting of the Bio-Plex calibration kit, and standard sample preparation was performed according to the manufacturer's directions. The filter plate was pre-wetted with wash buffer and vacuum-filtered before adding standard, control or study samples to the appropriate wells. Mixed capture beads were then added to each well, and plates were incubated overnight at 4°C with shaking. After two washes, 25 μl of detection antibody was added to each well, incubated for 1 h at room temperature and then treated with 25 μl of streptavidin-phycoerythrin for 30 min at room temperature. The plate was washed twice, and 150 μl of the Bio-Plex sheath fluid assay buffer were added to each well and read using the Bio-Plex Suspension Array System software (Bio-Rad Laboratories) per the kit instructions. The concentration of each analyte was calculated according to the standard curve.



Statistical Analysis

For each genotype (either rTg4510 or APP/PS1), statistical analyses were performed using Student's t-test followed by Fisher's least significant difference post hoc means comparison. For cytokine analysis, multiple t-test analysis was performed without assuming a consistent SD (df = N−2) and followed by post-hoc correction. Statistical analysis and graphs were generated using GraphPad Prism 8.03 software (GraphPad Software, La Jolla, CA, USA).




RESULTS


Intracranial Injection of AAV9- CCL2 Induced Strong Expression of CCL2

Overexpression of CCL2 was confirmed by immunohistochemical analysis (Figure 1). We demonstrate that rAAV9-CCL2 injected mice present increased CCL2 expression (Figure 1D) localized to injected areas i.e., cortex (Figure 1E) and hippocampus (Figure 1F). As expected, no CCL2 signal was detected in the rAAV9-RFP injected control mice (Figures 1A–C). Quantitation of area positively stained for CCL2 showed a significant increase of CCL2 expression in both cortex and hippocampus but not in synaptically connected areas such as the entorhinal cortex, when compared to rAAV-RFP (Figure 1G).


[image: Figure 1]
FIGURE 1. Intracranial injections of AAV9-RFP or AAV9-CCL2 in cortex and hippocampus in rTg4510 mice. Five-mo-old rTg4510 mice underwent intracranial bilateral injection of rAAV9-CCL2 (n = 6) or red fluorescent protein (RFP, n = 6) in both the hippocampus and the anterior cortex. Two months after the intracranial injections, brain tissue was collected. Micrographs represent the immunohistochemistry staining for CCL2 in RFP injected (A–C) and CCL2- injected animals (D–F). Higher magnification shows cell localization of CCL2 (insets). (G) Percent positive area of distribution in anterior cortex (ACX, boxed area), hippocampus (DG and CA3, boxed area) and entorhinal cortex (EC) of injected animals (n = 6, **p < 0.01 and ***p < 0.001). (H) CCL2 levels were measured in the hippocampus of injected mice by multiplex assay and the results were normalized to the amount of protein (ng/mg of protein). Student's t-test were performed between RFP and CCL2 groups for each dependent variable and each brain region separately. Scale bar represents 1,000 μm in (A,D), 200 μm in (B,C,E,F) and 20 μm in insets.


Quantitation of CCL2 protein levels in hippocampal tissue was performed by using the MILLIPLEX MAP Multi-plex assay kit (Figure 1H). Basal levels of CCL2 in rAAV9-RFP-injected animals were in the low range (0.52 ± 0.1 ng/mg of protein); however, as expected, CCL2 expression was significantly higher in the hippocampus of rAAV9-CCL2-injected animals (10.1 ± 0.2 ng/mg of protein) resulting in a 20-fold increase when compared to rAAV9-RFP-injected control animals (Figure 1H). The CCL2 levels measured here are in range to what was previously reported in the hippocampus of non-transgenic mice challenged with LPS (42, 43), suggesting that the ng range of CCL2 protein is required to maintain a prolonged inflammatory state during brain injury. We demonstrated that brain overexpression of CCL2 achieved through AAV9-transduciton was sustained 2 months after surgery.



Overexpression of CCL2 in the Brain of rTg4510 Did Not Change Microglia Density but Resulted in Microglia Activation

We first assessed the effect of CCL2 overexpression on microglial abundance in rTg4510. Brain tissue was examined for microglial pan-marker Iba-1 immunoreactivity in rAAV9-RFP (Figures 2A,C) and rAAV9-CCL2 (Figures 2B,D) injected rTg4510 mice. Quantification analysis of Iba-1 positive area stained (Figure 2E) in cortical areas (Figure 2E, ACX, EC) and hippocampus (Figure 2E, HPC) revealed no difference in Iba-1 levels between CCL2 treated mice and RFP control mice. Similarly, levels of Iba-1+ positive meningeal macrophages remained similar between rAAV9-CCL2 mice and rAAV9-RFP expressing mice (Figures 2C,D,E, MNG).
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FIGURE 2. CCL2 overexpression does not affect microglia abundance in rTg4510. Micrograph representation of hippocampal area (A,B) and cortical area (C,D) stained for Iba-1 in RFP injected animals (A,C) and CCL2 injected animals (B,D). Quantification of positive area stained is presented for anterior cortex (ACX), hippocampus (HPC) entorhinal cortex (EC) and meninges (MNG) for Iba-1 (mean ± S.E.M, n = 6) (E). Student's t-test were prformed between RFP and CCL2 groups for each dependent variable and each brain region separately (n = 6). The scale bar represents 50 μm in panels and 20 μm in insets. Meningeal area is outlined in the cortical images (C,D, m).


To further characterize the microglia activation profile following CCL2 overexpression, immunoreactivity of brain tissue for CD45 microglia was measured in rAAV9-RFP (Figure 3A) and rAAV9-CCL2 injected rTg4510 mice (Figure 3B). Quantitation of the positive area stained for CD45 using image analysis revealed significant increases in CD45 levels in anterior cortex (ACX), hippocampus (HPC) and entorhinal cortex (EC) of CCL2 overexpressing mice when compared to rAAV9-RFP control mice (Figure 3E). Similarly, immunohistochemical analysis for CD68 positive phagocytic microglia was performed (Figures 3C,D). Analysis of CD68 positive area revealed significantly increased levels of phagocytic microglia in the injected hippocampus (HPC), and connected regions, entorhinal cortex (EC), of rAAV9-CCL2 injected rTg4510 mice when compared to RFP injected littermates (Figure 3F). Although we found a trend toward increased CD68 levels in the anterior cortex of rAAV9-CCL2 when compared to RFP injected mice, the difference did not reach significance (Figure 3F). It is recognized that staining for CD45 or CD68 cannot unambiguously discriminate intrinsic microglia from recruited myeloid linage cells. Recently, it has been suggested that infiltrating macrophages in the brain can be discriminated based on their expression of Iba-1 and lack of co-localization with Tmem119, a highly expressed microglia-specific marker of resident microglia (44). Thus, to further dissect the microglia-specific response to CCL2, we performed immunofluorescence labeling between Iba-1 and Tmem119 and examined the relative expression of both markers (Figure 4). We observed no mean fluorescence intensity (MFI) difference between RFP and CCL2 in Tmem119+ and Iba-1+ microglia, suggesting that CCL2 did not affect the overall relative expression and/or microglia abundance (Figures 4A,B,E,F). High magnification imaging and z-stack image analyses demonstrated overlap of Tmem119+ with Iba-1+ relative intensity in both RFP- and CCL2-injected mice (Figures 4I,J,L,M). Further analysis of immunolocalization using Mander's overlap coefficient showed 0.89- and 0.91-pixel value average for RFP- and CCL2 -injected mice, respectively (Figures 4K,N), indicating that more of 90% of the Iba-1+ cells were enriched for Tmem119 immunoreactivity. Taken together, these findings suggest that albeit CCL2 did not increase the relative levels of Tmem119+/Iba-1+ intrinsic microglia, its overexpression had a vast impact on activation of CD45 and CD68 phagocytic microglia in the brain of rTg4510 mice.
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FIGURE 3. CCL2 overexpression induces microglia activation in rTg4510 brain. Micrograph representation of cortical area stained for CD45 and CD68 in RFP injected animals (A,C) and CCL2 injected animals (B,D). Quantification of positive area stained is presented for anterior cortex (ACX), hippocampus (HPC) and entorhinal cortex (EC) for CD45 (E) and CD68 (F) (mean ± S.E.M, n = 6). Student's t-test were performed between RFP and CCL2 groups for each dependent variable and each brain region separately (n = 6, *p < 0.05, **p < 0.01). The scale bar represents 200 and 20 μm in panels and insets, respectively.



[image: Figure 4]
FIGURE 4. Tmem119 is stably expressed and co-localizes with Iba-1+ microglia in rTg4510 mice. Imaging of fluorescence labeled microglia with (A,E) Tmem119 (green) and (B,F) Iba-1 (purple) in the hippocampus of RFP- and CCL2-injected rTg4510 mice. Nuclei is stained with DAPI (C,G). Merged images of Tmem119 and Iba1 immunoreactivity in brain sections from treated mice (D,H). N = 6, 8 section per animal. Scale bar, 100 μm (I,J,L,M). High magnification (60x) co-localization images utilizing z-stack image intensity of highly ramified Tmem119+ cells and Iba-1+ microglia. Scale bar, 10 μm. (K,N) The intensity correlation analysis represented by the scatter plots of the fluorescence intensities of Tmem119 (Alexa Fluor 488) and Iba-1 (Alexa Fluor 647) of confocal z-stacks. The degree of co-localization is estimated by Mander's overlap coefficient.




Overexpression of CCL2 in the Brain of rTg4510 Induced Astrocytic Dendritic Arborization

Astrogliosis was measured via the immunoreactivity levels of glial fibrillary acidic protein (GFAP), an intermediate filament (IF) protein that is highly specific marker for the astrocytic cells in the brain (45) (Figure 5). Images from fluorescence immunohistochemical stain of astrocytes (GFAP, green) are shown following CCL2 expression in rTg4510 mice compared to RFP injected littermates (Figures 5A,B). Comparably to our observations on Iba-1, we found that GFAP immunoreactivity remained unchanged between groups, as represented by the quantification of positive area stained for GFAP in anterior cortex (Figure 5E, ACX). However, this finding does not account for the vast morphological changes of the astrocytes following CCL2 expression. This prompted us to perform Sholl analysis of the dendritic arbor complexity of GFAP positive astrocytes in the cortices of AAV9-CCL2 vs. AAV9-RFP mice (Figures 5B,D). We showed that astrocytic arborization in CCL2 mice was significantly increased compared to that of astrocytes from control mice (Figures 5A,C), as identified by the increased number of intersections per given astrocyte at a fixed distance from soma (Figures 5F,G). These results indicate that enhanced dendritic development occurred in astrocytes upon overexpression of CCL2 in rTg4510 mice.
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FIGURE 5. CCL2 induces astrocytic ramification in rTg4510 mice. (A) Images of fluorescence immunohistochemical stain of astrocytes (GFAP, green) in the cortices of rTg4510 mice following CCL2 and (B) RFP overexpression. Individual astrocytes were subjected to Sholl analysis (box inset). (C,D) Maximum intensity projection of each cell tiled micrographs extracting 2D images of astrocytes. Sholl-based metrics of arborization using a 50 μm radii area from the soma of each astrocyte measured the number of intersections. (E) Quantification of positive area stained for GFAP is presented for anterior cortex (ACX). (F) Sholl analysis retrieved curve-fitting and regression analysis of astrocytes within the region of interest, demonstrated induced astrocytic intersection in CCL2 overexpressing mice compared to the RFP mice. (G) Scattered plot of the number of astrocytic intersections in each group, Student t-test, Mann-Whitney unpaired parametric test, ****p < 0.0001.




AAV9-Mediated CCL2 Overexpression Induced Changes in Levels of Cytokines Associated With Neuroinflammation

We have previously reported the impact of CCL2 on microglia polarization in wild-type mice (23, 46). Therefore, we aimed to investigate the effect of CCL2 on expression levels of a range of cytokines in a tau animal model. Hippocampi from rAAV9-CCL2- and rAAV9-RFP -injected rTg4510 mice were homogenized and chemokines were measured using multiplex assay (Millipore, Billerica, MA). We observed 1.5-fold increases in the levels of IL-6 and CCL3 (Figure 6), in the hippocampi of CCL2- compared to RFP-injected mice (49.9 ± 1.9 vs. 18.0 ± 9.4 pg/ml and 4.5 ± 0.4 pg/ml vs. 3.3 ± 0.3 ng/ml, respectively). In addition, CCL5 levels were significantly decreased in response to CCL2 overexpression (0.4 ± 0.2 vs. 7.2 ± 3.6 ng/ml in CCL2-injected animals vs. RFP control animals, respectively). No significant changes were observed in, IL-1α, TNF-α, IL-1β, IL-10, IL-13, VGEF, KC, and CCL11 cerebral levels, while levels of IFN-γ and IL-4 were undetectable. Interestingly, low nanogram range of IL-12 levels were measured in RFP injected control mice (0.2 ± 0.1 ng/ml) but were undetectable in CCL2-injected animals (data not shown). We conclude that CCL2 overexpression in tau mice produced a unique pattern of inflammatory signals.
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FIGURE 6. Cytokine levels following expression of CCL2 in rTg4510 mice. The concentrations of Interleukin 1 alpha (IL-1α), Interleukin 1 beta (IL-1β), Interleukin 6 (IL-6), Interleukin 10 (IL-10), Interleukin 13 (IL-13), C-C motif ligand 11 (CCL11), Keratinocyte chemoattractant (KC), C-C motif ligand 3 (CCL3), C-C motif ligand 5 (CCL5), Vascular endothelial growth factor (VEGF) and Tumor necrosis factor alpha (TNF-α) were measured using the mouse cytokine/chemokine panel (MILLIPLEX MAP kit; Millipore, Billerica, MA, USA) in CCL2 injected mice and RFP controls. (mean ± S.E.M, n = 6). Statistical analysis was performed using multiple t-test analysis (*p < 0.05) with alpha = 0.05. and without assuming a consistent SD (df = N−2) followed by post-hoc test.




Brain CCL2 Overexpression Aggravated Tau Pathology

Next, we assessed the effect of CCL2 overexpression on tau pathology, including immunoreactivity of brain tissue for phosphorylated tau (p-tau) isoforms and neurofibrillary tangle burden, in rAAV9-CCL2 and rAAV9-RFP injected rTg4510 mice. Micrograph representation of immunostaining in anterior cortex (ACX) is shown for H150 (total tau (H150), Figures 7A,B), AT8 (pSer199/Thr205, Figures 7C,D), pSer396 (Figures 7E,F) as well as Gallyas staining (neurofibrillary tangles, Figures 7G,H). Quantitation of positive area stained revealed a significant increase in total tau levels in ACX and hippocampus (HPC) as measured by the H150 antibody (Figure 7I). Interestingly, AT8 p-tau levels were significantly increased in both injected regions (ACX/HPC) and synaptically connected entorhinal cortex (EC) of CCL2 mice (Figure 7J). The pSer396 tau levels were also significantly increased in HPC but not in ACX or EC of CCL2 mice (Figure 7K). Of note, we also observed a significant increase in Gallyas staining in the ACX and EC, while a trend toward increased tau burden was achieved in the HPC region (p = 0.08) of CCL2 mice when compared to RFP injected control mice (Figure 7L).
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FIGURE 7. CCL2 overexpression induces tau accumulation in rTg4510 mice. Images of immunostaining in the cortical area for H150 tau (A,B), p-tau AT8 (C,D) and pSer396 (E,F) as well as Gallyas staining (aggregated tau G,H) in mice injected with either rAAV9-RFP or rAAV9-CCL2. Quantification of positive area stained is shown in anterior cortex (ACX), hippocampus (HPC), entorhinal cortex (EC) for total tau H150 (I), p-tau AT8 (J), pSer396 (K) and Gallyas (L). Scale bar represents 100 and 20 μm. Statistical analysis by Student t-test (n = 6, *p < 0.05, **p < 0.01, ***p < 0.001).


Biochemical analysis was performed to distinguish between detergent soluble and insoluble tau levels in the brain. Western blots were analyzed for levels of total tau (H150), and p-tau epitopes (AT180, paired helical filaments 1: PHF-1, pSer199/202, and pSer396) in the soluble fraction (Figures 8A,C) and in the insoluble fraction (Figures 8B,D) of hippocampal brain extracts of injected mice. Band pixel densitometry values were normalized to GAPDH and then represented as the percentage of controls. We found a significant increase in total tau levels (H150, 55-64 kDa band) in the soluble fraction, while AT180 and PHF-1 p-tau levels were significantly decreased following CCL2 overexpression (Figure 8C). No changes were observed in pSer199/202 or pS396 p-tau levels in this fraction. However, we observed a significant increase in pSer199/202 but not pSer396 high molecular weight band (140–150 kDa) intensity in the soluble fraction (Figure 8C, HMW). No signal was detected for high molecular weight of H150, AT180, and PHF-1. Interestingly, our analysis revealed significant increases in insoluble total tau (H150), PHF-1 and pSer396 p-tau levels (55–64 kDa, Figure 8D), while no changes were observed in pSer199/202 or AT180 p-tau. Consistent with the worsening of tau pathology observed by immunostaining, western blot analysis revealed a shift in tau solubility following CCL2 overexpression, where an increase in total tau in all fractions reflected a decrease in soluble tau forms while increasing levels of certain insoluble tau forms in CCL2 mice.
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FIGURE 8. CCL2 overexpression worsens tau pathology in rTg4510 mice. Western blots analyses of total tau (H150), and p-tau (AT180, PHF1, pSer396, and pSer199/202) in the soluble hippocampal brain fraction (A) and insoluble fraction (B). Band pixel densitometry values normalized to GAPDH and control mice for soluble fraction (C), and to controls for insoluble fraction (D) (n = 6, *p < 0.05, **p < 0.01, Student t-test). Overall, CCL2 overexpression resulted in increased high molecular weight tau in soluble fractions together with increased intensity of phosphorylated epitopes in insoluble fractions.


Interestingly a similar shift from soluble to insoluble species was observed in CCL2-overexpressing APP/PS1 mice. Indeed, we observed a decrease in β-amyloid immuno-positive area in the cortex of APP/PS1 mice (Figures 9A,B,E), while an increase in amyloid plaque burden positive for Congo red was evident in the same region compared to RFP-injected APP/PS1 mice (Figures 9C,D,F).
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FIGURE 9. Amyloidosis following CCL2 overexpression in APP/PS1 mice. Micrograph representation of cortical area stained for amyloid beta (Aβ, A,B) and Congo red (C,D) in GFP injected animals (A,C) and CCL2 injected animals (B,D). Quantification of positive area stained is presented for anterior cortex amyloid beta (E) and Congo red (F) (Avg ± S.E.M, n = 10). Statistical analysis was performed using Student's t-test (n = 6, *p < 0.05) followed by Fisher's PLSD multiple comparison test. Scale bar represents 200 μm and insets represent 20 μm.





DISCUSSION

This study shows for the first time a role of CCL2 overexpression in exacerbation of tau pathology in rTg4510 mouse model, associated with enhanced glial cells activation and changes in inflammatory markers. Indeed, aggravated tau pathology following CCL2 expression was observed as an overall increase in total tau levels in the hippocampus independently of soluble or insoluble fractions. Interestingly we observed a redistribution of some of the p-tau epitopes toward increased aggregation state. We detected a decrease in the soluble fraction of AT180 and PHF1 p-tau species while the same species were increased in the insoluble fraction. High molecular weight tau species were also increased together with increased Gallyas positive neurofibrillary tangles following CCL2 expression.

We also report that worsening of tau pathology was associated with microglia activation and inflammatory response. We have previously shown that CCL2 overexpression in the brain of non-transgenic mice specifically increased microglia polarization as well as induced extravasation of peripheral myeloid-derived cells (CD45 positive) (23). In the present study, unchanged immunoreactivity for Iba-1 microglia was found in CCL2 injected rTg4510 mice when compared to RFP-injected transgenic littermates, reflecting no difference in microglia abundance. However, we observed enhanced microglia activation determined by increased levels of CD45 and CD68 staining in CCL2 injected rTg4510 mice when compared to RFP-injected transgenic littermates. As CD45 and CD68 are common markers of both intrinsic microglia and recruited myeloid lineage cells, we further investigated the origin of the Iba-1+ cells in the present study, by immunofluorescence labeling with microglia specific marker, Tmem119 (44). We report that approximately 90% of the Tmem119+ cells overlapped with Iba-1+ cells across the study, suggesting that overexpression of CCL2 had no effect on the overall levels of Tmem119+/Iba-1+ resident microglia in rTg4510 mouse models. In addition, Sholl quantification of astrocytic complexity found significant increase in astrocytic arborization of CCL2 mice compared to control mice, suggestive of astrocyte activation. In a similar fashion to that observed in microglia, CCL2 overexpression in rTg4510 was not associated with increased astrocytic density but increased astrocytic dendritic development. Further future experiments are required to establish the role of CCL2 in astrocytic architechture and activation.

Previous findings from our laboratory and others have demonstrated microglia activation and inflammatory profile in response to pathological tau in rTg4510 mice (47), as indicated by high immunoreactivity of Iba-1, CD45 and GFAP (37, 41, 48, 49) when compared to age-matched non-transgenic littermates. This inflammatory profile seems to vary with age in rTg4510 (37, 48) and to be tau dependent as it was reversed by suppression of the tau transgene expression (48, 49). In a similar fashion, we and others have reported elevation of CD45 and CD68 microglia levels and increased pathology in rTg4510 mouse model following neuroinflammatory manipulations. Indeed, cerebral LPS injection resulted in increased CD45 and Ym1 immunoreactivity, which was associated with increased tau phosphorylation without changes in total tau levels or tau tangle formation. Similarly, mice deficient for fractalkine where characterized by increased CD45 and CD68 levels as well as worsening in tau pathology (50). In contrast, fractalkine overexpression was associated with decreased levels of CD45 microglia and tau pathology (51). In studies involving neuroinflammatory manipulations in mice model of proteinopathies, deciphering whether microglia activation is a cause, or a consequence of increased pathology remains challenging. To the same extend, the exact mechanism on how CCL2 contributes to tau pathology was not fully elaborated here. One of the limitations in our study is the ability to discriminate the effects of CCL2 on infiltration of peripheral cells and their subsequent effect on tau pathology. Indeed, BBB breakdown induced by disruption of adherents junctions in response to CCL2 has been evidenced (52) and could play a role in worsening of tau pathology by facilitating, for instance, leucocyte transmigration into the brain. We also can't exclude the possibility of a third and unrelated mechanism that could link CCL2 to induced tauopathy, while microglia activation is a by-product of tau pathology worsening. Together with the role of CCL2 described in the literature and our previous reported findings (23), our current findings suggest that CCL2 increased microglial and astrocytic activation following overexpression and was associated with worsening of tau pathology in rTg4510 mice.

To further assess the inflammatory profile associated with CCL2 overexpression in rTg4510, we measured a panel of different cytokines spanning along the inflammatory activation scale. Here, we report that increase in CCL2 was accompanied by increased levels of cytokines IL-6 and CCL3. These cytokines have been shown to be produced by glial cells in vitro (53) and in vivo (54). Therefore, we suggest that activated glial cells are the major source of the measured cytokine levels following CCL2 overexpression. Interestingly, the meningeal infiltrated T cells can also secrete cytokines and maintain the homeostatic cytokine profile in the brain (55). Although not measured in this study, our group has reported that impaired blood brain barrier and T-cell, red blood cell and immunoglobuline infiltration was evident in rTg4510 mouse model as early as 9 months of age (49). Despite as much as 60% of the meningeal area displaying Iba-1 immunoreactivity, we found that CCL2 did not increase the abundance and Iba-1+ positive immune cells in the meninges. This could be due to other underlying aberrant processes implicating different immune cells infiltration in this model as disscused above.

Additionally, we report that CCL2 overexpression resulted in increased IL-6 production in the hippocampus. Altered IL-6 expression is found in CSF and around amyloid plaques in the brain of Alzheimer's disease (AD) patients (56, 57). In particular, IL-6 stimulates the production of APP in neurons in vitro (58), while cultured glial cells stimulated with APP can trigger IL-6 production (53). Moreover, IL-6 also enhances neuronal damage induced by Aβ peptide in cultured rat cortical neurons (59). A direct link between increased IL-6 and tau phosphorylation was established in vitro. Indeed, IL-6 administration in rat neurons led to an increase in p-tau species but not total tau, through activation of JAK/STAT and MAPK-p38 (60). IL-6 and CCL2 can induce each other and cooperatively elicit chemoattraction and recruitment of activated immune cells in a positive feedback loop to maintain and amplify a proinflammatory-like profile (61–63). Further analysis would be necessary to consider whether a similar pathway was involved in the worsening of tau pathology observed in the present study.

We also report that CCL2 overexpression in rTg4510 was associated with an increase in CCL3 production in the hippocampus. CCL3 is a chemokine involved in chemotaxis and has been shown to contribute to T cell recruitment to the brain (64, 65). In accordance with our data, increased CCL3 production by microglial cells was observed in a different model of tauopathy, THY-Tau22 mice (54). The authors report that CCL3 induced the recruitment of T-cells into the hippocampus through chemotaxis, which promoted tau pathology in this model. T-cell infiltration has been previously demonstrated in older (12 months old) rTg4510 mice and was associated with a leaky blood-brain barrier (49). Albeit not investigated in this study, the possibility of a leaky BBB at this age together with the induction of IL-6 and chemotactic CCL3 and CCL2 signaling could suggest that aggravated tau pathology is a result of downstream events resulting from a plethora of infiltrated cells, including T-cell leucocytes.

More investigation of the role of CCL2 on tau pathology is needed to further understand the possible relationship between CCL2 signaling and tau burden. In fact, the role of CCL2 in AD has been studied more extensively in amyloid β animal models of AD than in tauopathies and have led to contradictory findings. Indeed, genetic manipulations of CCL2 in a mouse model of amyloidosis led to the worsening of Aβ pathology with both overexpression and deficiency in CCL2. Moreover, overexpression of CCL2 driven by GFAP promoter in APP/CCL2 mice enhanced amyloidosis, increased microglial Iba-1immunoreactivity, and decreased cognition (16, 17) while APP/PS1/CCL2 null mice also displayed increased levels of Aβ oligomers and worsening of cognitive dysfunction (18). The authors hypothesized that two different mechanisms could be involved, namely overexpression of CCL2 might promote Aβ assembly and microglial activation, whereas a deficiency in CCL2 would impair phagocytosis and clearance of Aβ (18). Our present findings support an increase in amyloidosis following CCL2 overexpression in the brain of APP/PS1 mice. Moreover, we found a decrease in soluble β-amyloid, that was redistributed toward amyloid plaque burden following 4 months of CCL2 expression, similar to what was observed with tau pathology in rTg4510 mice. In agreement, a disruption of CCL2 signaling through deficiency in CCL2 receptor in APP/CCR2 null mice precipitates Aβ accumulation by decreasing Aβ clearance in APP mice (19). However, a recent report showed improved cognition and decreased amyloidosis in 5xFAD/CCL2 null mice, another amyloid mouse model (20). Decrease in pathology was associated with a decrease in GFAP immunoreactivity in these mice, while control CCL2 null mice displayed an increase in IL-1β and GFAP immunoreactivity compared to non-transgenic mice. Altogether, these reports suggest that CCL2 action and signaling depend on the inflammatory milieu of the animal models employed and could lead to beneficial as well as detrimental responses. Another interesting report suggests that a gradient in CCL2 is required for its chemotactic capacity [reviewed in (66)]. Thus, it is possible that basal levels of CCL2 are required for brain homeostasis and therefore deficiency or overexpression would lead to detrimental effects on neuroinflammation. These dual effects of microglia are in accordance with the hypothesis of a dual peak of microglia activation in Alzheimer's trajectory recently advanced, which describes an early protective peak and a later pro-inflammatory peak in Alzheimer's disease pathophysiology (67). The contradictory results observed in AD models could be consequently explained by different stages of the diseases at the time of the experiment. Future studies involving neuroinflammation modulation should consider testing different time points of the disease stage. Identifying molecules with a pivotal role in determining the detrimental or beneficial effects of microglia is also important.

Altogether our results demonstrate an increase in tau accumulation following CCL2 overexpression in the rTg4510 mouse model of tauopathy together with glia activation, ultimately changing the neuroinflammation milieu. Given the contradictory results observed in mouse models of amyloidosis, more studies involving the role of CCL2 signaling concerning tau pathology are needed. Moreover, the degree of pathological insult and stage of the disease; i.e., Braak staging should be taken into consideration for translational relevance. Nevertheless, this is the first report linking directly CCL2 overexpression with increased tau pathology, providing important new anti-inflammatory avenues for future therapeutic intervention in AD and related tauopathies.
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Interleukin-34 (IL-34) is a recently discovered cytokine that acts as a second ligand of the colony stimulating factor 1 receptor (CSF1R) in addition to macrophage colony-stimulating factor (M-CSF). Similar to M-CSF, IL-34 also stimulates bone marrow (BM)-derived monocyte survival and differentiation into macrophages. Growing evidence suggests that peripheral BM-derived monocyte/macrophages (BMMO) play a key role in the physiological clearance of cerebral amyloid β-protein (Aβ). Aβ42 forms are especially neurotoxic and highly associated with Alzheimer's disease (AD). As a ligand of CSF1R, IL-34 may be relevant to innate immune responses in AD. To investigate how IL-34 affects macrophage phenotype in response to structurally defined and stabilized Aβ42 oligomers and preformed fibrils, we characterized murine BMMO cultured in media containing M-CSF, IL-34, or regimens involving both cytokines. We found that the immunological profile and activation phenotype of IL-34-stimulated BMMO differed significantly from those cultured with M-CSF alone. Specifically, macrophage uptake of fibrillar or oligomeric Aβ42 was markedly reduced following exposure to IL-34 compared to M-CSF. Surface expression of type B scavenger receptor CD36, known to facilitate Aβ recognition and uptake, was modified following treatment with IL-34. Similarly, IL-34 macrophages expressed lower levels of proteins involved in both Aβ uptake (triggering receptor expressed on myeloid cells 2, TREM2) as well as Aβ-degradation (matrix metallopeptidase 9, MMP-9). Interestingly, intracellular compartmentalization of Aβ visualized by staining of early endosome antigen 1 (EEA1) was not affected by IL-34. Macrophage characteristics associated with an anti-inflammatory and pro-wound healing phenotype, including processes length and morphology, were also quantified, and macrophages stimulated with IL-34 alone displayed less process elongation in response to Aβ42 compared to those cultured with M-CSF. Further, monocytes treated with IL-34 alone yielded fewer mature macrophages than those treated with M-CSF alone or in combination with IL-34. Our data indicate that IL-34 impairs monocyte differentiation into macrophages and reduces their ability to uptake pathological forms of Aβ. Given the critical role of macrophage-mediated Aβ clearance in both murine models and patients with AD, future work should investigate the therapeutic potential of modulating IL-34 in vivo to increase macrophage-mediated Aβ clearance and prevent disease development.
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INTRODUCTION

The accumulation of cerebral amyloid-β protein (Aβ) is considered pathognomonic of Alzheimer's disease (AD) and results from a net imbalance of Aβ production and clearance (1, 2). The pathogenesis of AD, the most common form of senile dementia, is strongly associated with accumulation of Aβ in central nervous system (CNS) tissues, including the brain (1, 3) and retina (4–9). Aβ can exist in various forms, including soluble oligomers, fibrils, and extracellular plaques (10). Soluble oligomers of Aβ1−42 (oAβ1−42) are strongly associated with disease pathogenesis given their marked neurotoxicity (11–14). Previous clinical data suggest that it is a deficiency of Aβ42 clearance, rather than its overproduction, that occurs in the sporadic, late-onset forms of AD (15). This phenomenon has also been observed in experimental animal models (16). One such critical clearance mechanism is mediated by innate immune cells, such as microglia residing in the brain and macrophages derived from infiltrating monocytes (2, 17–24). These myelomonocytic cells have been shown to eliminate cerebral Aβ via cellular uptake as well as secretion of Aβ-degrading enzymes (18–20, 24–34). Although blood-borne macrophages and microglia residing in the CNS alike are accepted as phagocytes capable of ingesting and degrading Aβ, a growing body of evidence suggests that peripheral monocyte-derived macrophages more efficiently clear Aβ under the chronic inflammatory conditions that occur in AD (17–24, 35).

Monocyte-derived macrophages (Mo/MΦ) arise from hematopoietic stem cells in the bone marrow via stimulation of the tyrosine kinase receptor, colony-stimulating factor 1 receptor (CSF1R), alternatively called the macrophage-colony stimulating receptor (M-CSFR) or cluster of differentiation 115 (CD115) (36). Previously, the cytokine M-CSF was the only known ligand of this receptor and was thought to stimulate all myeloid cell differentiation throughout early development and adult life (37, 38). However, interleukin 34 (IL-34) was recently shown to be a second, non-homologous ligand of CSF1R capable of stimulating macrophage survival and proliferation in a manner similar, though not identical, to M-CSF (38–41) (Figure 1).


[image: Figure 1]
FIGURE 1. M-CSF and IL-34 signal through the CSF1 receptor with possible downstream effects on macrophage-mediated Aβ clearance. (A) Primary cortical neurons expressing IL-34. (B) Bone marrow-derived macrophages expressing IL-34. Scale bars = 20 μm. (C) An illustration of IL-34 vs. M-CSF signaling through CSF1R in macrophages, including differential tyrosine phosphorylation and the potential effects on macrophage-mediated Aβ clearance mechanisms assessed in this study.


Furthermore, these cytokines have distinct structural, biochemical, and functional properties. For instance, M-CSF and IL-34 have markedly different molecular weights (60 kDa and 27.5 kDa, respectively), and thus far, data about their different binding affinities has been controversial (42) (Illustrated in Figure 1C). Though both M-CSF and IL-34 bind to the same domains on CSF1R, receptor-ligand interactions are facilitated by different intermolecular forces for each cytokine as well as different conformational adaptations in the receptor to accommodate the distinct structures (43, 44). This is thought to ultimately lead to distinct tyrosine kinase phosphorylation (39) and slightly altered cytokine and chemokine receptor profiles (41). Several key studies have demonstrated that IL-34, and not M-CSF, is necessary for the development and maintenance of microglia and Langerhan's cells in the brain and skin, respectively (45–48). In addition, expression of M-CSF and IL-34 was shown to be spatiotemporally distinct in brain regions of mice, with significantly greater expression of IL-34 in the cortex, hippocampus, amygdala, and striatum over the lifespan (47, 49). Lastly, it appears that the unique patterns of M-CSF and IL-34 expression are differentially regulated in the cortices of both humans with AD (50) and transgenic mouse models (51).

This accumulating evidence suggests that IL-34 and M-CSF have non-redundant roles in myeloid cell development and function in both health and disease. Given the differential expression of IL-34 in brain regions implicated in AD pathogenesis, this cytokine may be particularly relevant to the innate immune response seen in AD. Although prior investigations have evaluated how IL-34 impacts both human and murine microglial responses to fibrillar and oligomeric Aβ (50, 52, 53), to-date, no experiments have compared the effects of IL-34 and M-CSF on the development of monocytes and macrophages and their subsequent response to Aβ assemblies. To investigate how IL-34 affects macrophage phenotype following exposure to Aβ1−42 fibrils or oligomers, we characterized the phenotypes of murine bone marrow-derived monocyte/macrophage (BMMO) primary cultures stimulated with media containing either M-CSF or IL-34 alone or regimens involving both cytokines. Here, we show that IL-34 does in fact alter the immunophenotype and function of BMMO. Specifically, IL-34-stimulated macrophages demonstrate reduced uptake of both Aβ fibrils and oligomers, altered scavenger receptor expression, decreased production of the Aβ-degrading enzyme, matrix metalloprotease 9 (MMP-9), and a dampened propensity to develop a pro-healing, elongated cell morphology.



MATERIALS AND METHODS


Mice

Wildtype C57BL/6 mice were purchased from Jackson Laboratories (Stock #000664|Black6) and then bred and maintained at Cedars-Sinai Medical Center. All mice were kept in microisolator cages with free access to food and water. Animals were euthanized at 8–16 weeks of age for bone marrow (BM) harvest and isolation of BMMOs. All experiments were conducted according to the regulations of the Cedars-Sinai Medical Center Institutional Animal Care and Use Committee (IACUC) under an approved protocol.



Isolation of Bone Marrow-Derived Monocytes

As in previous reports (24), bone marrow (BM)-derived CD115+ monocytes were isolated from donor wildtype mice (8–16 week-old). First, BM cells were harvested from the hindlimbs of young donor wildtype mice and enriched on a Ficoll-Paque® PLUS (17-1440-03, GE Healthcare) density gradient to gather mononuclear cells. According to the manufacturer's protocols, CD115+ monocytes were differentiated and gathered using magnetic-activated cell sorting (MACS) enrichment column, the biotinylated anti-CD115 mAb clone AFS98 (#13-1152; eBioscience) and streptavidin-coupled magnetic beads (Miltenvi Biotec).



Macrophage Differentiation With M-CSF and/or IL-34

Following extraction from wildtype mice, BMMOs were cultured for a total of 6 days in complete RPMI 1640 growth medium (Life Technologies #21870-076) supplemented with 10% FBS (Atlanta Biologicals #S11150H), 1X Antibiotic-Antimycotic (Invitrogen #15240-062), 2 mM L-glutamine (Fisher Scientific #SH3003401), 100 U/mL penicillin, 100 μg/mL streptomycin, and 20 ng/mL M-CSF (PeproTech #315-02; 100 μg/ml) and/or 20 ng/mL IL-34 (R&D Systems; #5195-ML; Biolegend #577602; 100 μg/ml), as previously described for the M-CSF condition (21, 22, 24). Media change occurred at day 3 for all conditions. Cell cultures were divided into 4 groups as follows (See Figure 2): BMMOs were stimulated with either M-CSF alone (day 1–6), IL-34 alone (day 1–6), M-CSF (day 1–3) followed by IL-34 (day 3–6) or M-CSF + IL-34 (day 1–6). On Day 6, a semi-confluent monolayer was observed. However, for IL-34 alone groups, there was less cell adherence and lower cell numbers (See Figure 3), and cells failed to form a striated aggregative pattern like the M-CSF macrophages. Nonetheless, there were still a sufficient number of viable cells for plating. The 6-day differentiation protocol was employed for all experiments investigating macrophage response to fibrillar Aβ42. For experiments with oligomeric Aβ42, cells were exposed to cytokines for a total of 12 days, changing media every 3 days, prior to the phagocytosis assay.
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FIGURE 2. Experimental procedure. (A) CD115+ bone marrow (BM)-derived monocytes from wildtype mice were isolated and enriched by magnetic-activated cell sorting (MACS) anti-CD115 microbead selection column. (B) Isolated monocytes were then split into one of four treatment groups, defined by the sequence with which cytokines were added to fresh culture medium on Days 0 and 3. The treatment conditions were as follows: (1) IL-34 alone followed by IL-34 alone (IL-34), (2) M-CSF alone followed by M-CSF alone (M-CSF), (3) M-CSF alone followed by IL-34 alone (M-CSF → IL-34), and (4) mix of M-CSF and IL-34 followed by the same combination (M-CSF + IL-34). (C) On Day 6, cultures were either left untreated or stimulated with fibrillar or oligomeric (f/o)Aβ42 for 30 min, after which time cells in both cultures were fixed and stained for markers of interest. (D) Legend for the treatment groups.
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FIGURE 3. IL-34 stimulates differentiation of monocytes into mature macrophages and impacts their viability in vitro. (A) Cell viability of IL-34-treated groups relative to M-CSF-treated control group (see groups 1–3 in Figure 2), at different time points in experimental procedure. Survival following development and differentiation [left panel] was calculated on Day 6 prior to plating using Trypan Blue. Percent reductions relative to M-CSF controls (defined as 100%) are highlighted in red. Survival following 30-min stimulation with fibrillar (f)Aβ42 exposure [right panel] was measured by anti-CD68 immunocytochemistry (ICC) and DAPI staining. Significance designation is shown in comparison to M-CSF group. Survival was impacted after 6 days in culture but not following Aβ challenge. Representative images (B) and quantitative ICC analyses (C) of CD68 expressing macrophages not exposed to Aβ42. Representative images (D) and quantitative ICC analyses (E) assessing F4/80 expressing in macrophages not exposed to Aβ42. Expression of both markers in macrophages indicate development of mature macrophages. Scale bar: 50 μm. *P < 0.05, **P < 0.01 and ***P < 0.001, ns = not significant, by one-way ANOVA with Dunnett's post-test.


The various treatment groups and differentiation protocols described above and in Figure 2 were based on a standard macrophage differentiation protocol using M-CSF alone (21, 22, 24, 54, 55). These include protocols previously used by our group to generate BM-derived monocytes and macrophages for the purpose of both in vivo treatment of mouse models relevant to AD as well as for in vitro macrophage-mediated Aβ phagocytosis studies (21, 22, 24, 37). Additionally, the concentration of IL-34 added to the differentiation medium was chosen to be equal to that of M-CSF based on the finding that human monocytes successfully differentiated into mature macrophages following exposure to equal concentrations of both cytokines (40). The differentiation regimens involving sequential or combined addition of M-CSF and IL-34 to the differentiation medium were included given the in vivo (56) and in vitro (54, 55, 57) evidence that BM-derived monocytes are particularly reliant on M-CSF for macrophage differentiation and survival.



Fibrillar and Oligomeric Aβ42 Phagocytosis Assay

Following differentiation, pre-polarized macrophages were lifted and plated at 1.5 × 105 cells per well in 24-well tissue-culture plates on glass coverslips (WWR #89015-724) overnight. Fibrillar or oligomeric Aβ42 was added to macrophages on the following day at concentrations of 100 nM and 1,000 nM, respectively (see below “Preparation of Aβ42 fibrils and oligomers”). Immediately following addition of Aβ, plates were centrifuged at 515 × g for 1 min at room temperature, followed by 30 min of incubation at 37°C. The cells were then rinsed with Aβ-free medium and washed twice with PBS. Cells were fixed with methanol (99.8%) and kept at −20°C for 20 min, followed by 2 more washes with PBS prior to staining, as previously reported (21, 37). Pre-polarized macrophages were used for phagocytosis assays in order to recapitulate features of immature monocyte-derived macrophages upon initial infiltration into the CNS (21, 37, 58).



Culture of Primary Cortical Neurons

Primary cortical neuronal cultures were prepared from post-natal day 1 C57BL/6 mice (52). The pups were decapitated, and their brains were isolated. The meninges were then removed, and the cerebral cortex was dissected and dissociated with calcium- and magnesium-free Hank's balanced salt solution (HBSS; Life Technologies) containing 0.2% w/v papain (Worthington Biochemical) for 12 min at 37°C. The cells were then passed through a 70 μm strainer. The cells were plated at a density of 8 × 104 cells/mL (in 24-well plates) on laminin- and poly-D-lysine-coated coverslips (BD Biosciences) in NbActiv4 (BrainBits). The media was supplemented with 100 units/mL penicillin and 100 μg/mL streptomycin. The purity of the primary neuronal cultures was about 92–94%. Staining was carried out at day 9 following plating of cortical neurons, by which time there is synapse formation and maturation.



Immunocytochemistry

After serum-free protein block (Dako Cytomation) for 1 h at room temperature, cells were incubated with the following primary antibodies diluted in blocking solution for 1 h at 37°C: mouse anti-human amyloid-beta mAb clone 6E10 (1:100; Covance), rat anti-CD36 mAb (1:200; Abcam), rat anti-CD68 mAb (1:100; Abcam), rat anti-CD204 scavenger receptor type I/II (SCARA1) mAb (1:100; AbD Serotec), rabbit anti-EEA1 pAb (1:100; Millipore), rat anti-F4/80 mAb (1:100; Abcam), goat anti-MMP-9 pAb (1:100; R&D Systems), goat anti-TREM2 mAb (1:100; Abcam), and rabbit anti-IL-34 pAb (1:100; Biorbyt). Hybridization with primary antibodies was followed by incubation with appropriate secondary polyclonal antibodies (Cy2, Cy3, or Cy5 conjugated; 1:200; Jackson ImmunoResearch Laboratories) for 30 min at 37°C. The cells were then washed 3 times in PBS before being mounted using ProLong® Gold with DAPI (Molecular Probes, Life Technologies).



Fluorescent Microscopy and Quantifications

Several fields (minimum 5 images/coverslip randomly selected per group) were obtained from each coverslip using a Carl Ziess Axio Imager Z1 ApoTome-equipped microscope. Images were obtained using the same exposure time in each occasion. Images were analyzed using ImageJ software (NIH). The total area of fluorescent signal was quantified by the conversion of individual images to grayscale and standardizing to baseline using histogram-based thresholds. The “area/cell” was calculated by quantifying the total fluorescent signal (area) divided by the total number of cells (DAPI cell count) of the same field (image). Colocalization analyses of EEA1+ with 6E10+, CD36+ with 6E10+, and SCARA1+ with 6E10+ was quantified using the Puncta Analyzer on ImageJ software, similar to synaptic puncta number analysis described previously (59). For elongation factor calculation, the long and short axes of each cell were manually measured in μm using length tools in the Axiovision Rel. 4.8 software package. The long axis was defined as the longest length of the cell, and the short axis was defined as the length of cell traced through the nucleus, perpendicular to the long axis. The macrophage elongation factor was calculated by dividing the long axis by short axis, as previously described, for a minimum of 30 cells per coverslip (59).



Preparation of Aβ42 Fibrils and Oligomers

Filtration was used to prepare low molecular weight (LMW) Aβ42 as previously described (60). Microcon YM-30 filters (EMD Millipore) were washed in 200 μL of distilled deionized water. Aβ was dissolved in 10% (v/v) 60 mM NaOH and 90% (v/v) 10 mM phosphate buffer, pH 7.4, at a concentration of 1 mg/mL. The solution was sonicated for 1 min and then placed into the washed 30 kDa filter. The filtrate, containing LMW Aβ, was collected following centrifugation at 14,000 × g for 20 min. This freshly prepared Aβ42 was incubated at 37°C without agitation for 2 weeks. The presence of fibrils was confirmed by electron microscopy.

Stable, oligomeric Aβ42 species were produced by photochemical cross-linking (60–63). Briefly, 2 mM Tris(2,2′-bipyridyl)di-chloruthenium(II) hexahydrate [Ru(Bpy)] (Aldrich) and 40 mM ammonium persulfate (APS) (Sigma) were prepared in distilled deionized water. An 18 μL aliquot of 80 μM LMW Aβ42 was placed in a PCR tube, followed by 1 μL of Ru(Bpy) and 1 μL of APS. The sample was irradiated (150 W incandescent lamp) for 1 s and the reaction was quenched immediately with 1 M dithiothrietol. Cross-linking reagents were removed by dialysis using 3.5 kDa MWCO Slide-A-Lyzer cassettes (Pierce) suspended in 10 mM sodium phosphate pH 7.4. At least five buffer changes were made before the cross-linked oligomers were collected. Oligomer populations were confirmed by SDS-PAGE and electron microscopy. Protein concentration was determined by UV absorbance at 276 nm using a molar extinction coefficient of 1280 M−1 cm−1.



Statistical Analysis

Data was analyzed using GraphPad Prism 6.01 (GraphPad Software). In cases where three or more groups were compared, two-way or one-way ANOVA was performed, followed by the Tukey's, Dunnett's, or Bonferroni's correction for multiple comparisons. For two-group comparisons, two-tailed unpaired Student's t-tests were used. Results are shown as means ± standard deviations or means ± standard errors of the mean (SEMs), as indicated. A p < 0.05 was considered significant. Degree of significance between groups is represented as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. All individuals performing statistical analyses were blinded to the treatment groups.




RESULTS


IL-34 Is Expressed in Murine BM-Derived Macrophages and Primary Cortical Neurons

IL-34 expression has previously been documented in neurons (46, 47, 49, 50) and myeloid cells (64). We first sought to verify the expression of IL-34 by both cell types to provide support for the underlying hypothesis of this work: that monocyte-derived macrophages infiltrating the CNS in the context of AD may be exposed to IL-34 produced by different cell types, which may ultimately influence their phenotype and ability to clear Aβ. Indeed, we confirmed the expression of IL-34 by immunolabeling in mouse primary cortical neuronal cultures (Figure 1A) and in BM-derived macrophages (Figure 1B). An illustration of M-CSF and IL-34 signaling via CSF1R with possible downstream effects on macrophage-mediated Aβ clearance and phenotype is shown in Figure 1C.



IL-34 Stimulates Differentiation of Monocytes Into Mature Macrophages

Following isolation from BM, purified CD115+ monocytes were differentiated in culture media containing either M-CSF, IL-34, or distinct regimens of both cytokines, as depicted in Figure 2. After 6 days in culture, semi-confluent monolayers were observed in all treatment conditions, though the groups exposed to IL-34 failed to form a striated aggregative pattern like that seen under conditions involving M-CSF (data not shown). Compared to M-CSF-stimulated macrophages, exposure to IL-34 at any time during differentiation reduced viability significantly (Figure 3A, left; one-way ANOVA, p = 0.0108). Specifically, viability was reduced by 50% in the sequential M-CSF IL-34 group following differentiation (one-way ANOVA, p = 0.0168) and 78% in the group receiving IL-34 alone (one-way ANOVA, p = 0.0096). Nonetheless, surviving cells in all conditions expressed the markers CD68 and F4/80 (Figures 3B,D), indicating successful differentiation into mature, phagocytic macrophages. Additionally, IL-34 exposure alone or following M-CSF was associated with a 33 and 24% reduction in CD68 expression, respectively (one-way ANOVA, p = 0.0003; Figure 3C). A similar trend was observed for F4/80 expression, as well (one-way ANOVA, p = 0.0004; Figure 3E). Furthermore, there were no differences in cell death following fAβ1−42 challenge (one-way ANOVA, p = 0.1276; Figure 3A, right). Taken together, these findings indicate that while both cytokines support monocyte differentiation into mature macrophages, M-CSF more strongly supports monocyte-derived macrophage survival during the differentiation stage.



IL-34 Alters Macrophage Morphology in Response to Aβ42

In response to pathologic insults, macrophages not only modulate expression of key cellular markers but also differ morphologically. Macrophage elongation, in particular, reflects an anti-inflammatory or pro-healing phenotype in stress conditions (65). To evaluate macrophage predilection for this phenotype when stimulated with IL-34, we calculated an elongation factor (see Methods) for macrophages in both resting and Aβ-challenge conditions. No differences in morphology were observed in resting macrophages (one-way ANOVA, p = 0.1055); however, macrophages stimulated with IL-34 adopted a less-elongated phenotype compared to either the M-CSF or M-CSF → IL-34 conditions following fibrillar Aβ42 challenge (one-way ANOVA, p < 0.0001; Figure 4A). Representative images of macrophage morphology in response to fibrillar Aβ42 challenge are provided in Figure 4B, with insets demonstrating parameters used to calculate elongation factors for all conditions.
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FIGURE 4. IL-34 treatment reduces macrophage elongation in response to fibrillar Aβ42. (A) Quantitative ICC analyses assessing macrophage elongation with and without exposure to fibrillar (f)Aβ42. An elongation factor was calculated based on the ratio of cell-process length to soma width. (B) Representative images of CD68+ macrophage morphology in response to fAβ42. The insets provide an example of elongation factor measurements in both treatment groups. Scale bars: 50 μm. ****P < 0.0001 and ns = not significant, by one-way ANOVA with Tukey's post-test.




Macrophages Exposed to IL-34 During Differentiation Exhibit Reduced Uptake of Aβ42 Fibrils and Oligomers

To evaluate whether IL-34 stimulation alters macrophage response to pathogenic forms of Aβ42, macrophages in culture were exposed to either fibrillar or oligomeric Aβ42 for 30 min. Exposure to IL-34 at any phase of development substantially reduced both fibrillar and oligomeric Aβ42 uptake by macrophages compared to the M-CSF control group (one-way ANOVA, p < 0.0001 for both Aβ isoforms; Figure 5). Among macrophages undergoing fibrillar Aβ42 challenge, the mixed M-CSF → IL-34 group showed the greatest reduction in fAβ42 uptake (decreased 36%), compared to a 24% reduction in the group exposed to IL-34 alone. In macrophages challenged with oligomeric Aβ42, the effects of IL-34 were even more pronounced. In comparison to M-CSF control, oligomeric Aβ42 uptake decreased 70% in the sequential M-CSF → IL-34 group and 96% in the mixed M-CSF + IL-34 group. Due to low survival rates, a group of macrophages cultured with IL-34 alone was not included for challenge with oligomeric Aβ42.


[image: Figure 5]
FIGURE 5. IL-34 reduces fibrillar and oligomeric Aβ42 uptake by macrophages. Quantitative ICC analyses assessing the extent of fibrillar (A) and oligomeric (B) f/oAβ42 uptake by 6E10 staining. In both f/oAβ42 phagocytosis assays, macrophages exposed to IL-34 during any phase of differentiation demonstrated reduced Aβ42 uptake compared to the M-CSF condition. (C) Representative images demonstrating reduced fAβ42 uptake by IL-34-treated macrophages. Scale bar: 50 μm. *P < 0.05, ***P < 0.001, ****P < 0.0001 by one-way ANOVA with Tukey's post-test.




IL-34 Alters Expression of Scavenger Receptors and Surface Binding to fAβ42 on Macrophages

The scavenger receptors SCARA-1 and CD36 are critical for Aβ uptake and clearance by macrophages (66). We therefore investigated whether IL-34 altered the surface expression of these scavenger receptors and their co-localization with fibrillar Aβ42. While IL-34 stimulation did not substantially alter SCARA-1 expression on macrophages (unpaired t-test, p > 0.05; Figure 6A), it did significantly decrease the co-localization with fibrillar Aβ42 (unpaired t-test, p < 0.0001; Figures 6B,C). Furthermore, IL-34 stimulation significantly increased surface expression of CD36 on macrophages independent of Aβ exposure (unpaired t-test, p < 0.0001; Figure 6D; unpaired t-test, p = 0.0140; Figure 6F) but did not substantially alter binding of Aβ to CD36 (unpaired t-test, p = 0.2524; Figure 6E). TREM2 plays a complex role in macrophage-mediated clearance of Aβ and is generally thought to promote anti-inflammatory activity and support Aβ clearance (67, 68). IL-34 exposure at any point during differentiation significantly reduced surface TREM2 expression on macrophages following exposure to fibrillar Aβ42 (one-way ANOVA, p < 0.0001). TREM2 expression appears to decrease in a dose- and time-dependent manner: 17% in the sequential M-CSF → IL-34 condition and 27% in the group exposed to IL-34 alone (Figures 6G,G',H).
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FIGURE 6. IL-34 treatment alters surface expression of scavenger receptors and co-localization with fibrillar Aβ42 on macrophages. Quantitative ICC analyses assessing SCARA-1 expression (A) and co-localized fibrillar (f)Aβ42 and SCARA-1 (B). (C) Representative images of SCARA-1 surface expression and fAβ42 uptake following 30-min phagocytosis assay. Quantitative ICC analyses assessed for CD36 expression (D) and co-localization with fAβ42 (E). (F) Representative images of CD36 expression and fAβ42 uptake following 30-min phagocytosis assay. (G) Representative images of TREM2 expression in macrophages in the presence of fAβ42. (G') The single channel images showing surface TREM2 (red). (H) Quantitative ICC analyses assessed for TREM2 expression in macrophages for the three cytokine regimens and following fAβ42 exposure. Scale bars are 50 μm, unless otherwise indicated. *P < 0.05, **P < 0.01, ****P < 0.0001, or ns = not significant, by one-way ANOVA with Tukey's post-test or unpaired two-tailed Student t-test.




IL-34 Does Not Affect Aβ42-Targeting Into Early Endosomes but Decreases MMP-9 Expression in Macrophages

Following Aβ binding to scavenger receptors, the Aβ-receptor complex is typically internalized and shuttled through the endosomal-lysosomal system for eventual degradation. To investigate this phase of receptor-mediated endocytosis, we evaluated the expression of the early endosomal marker EEA-1 and its co-localization with fibrillar Aβ42. We found that IL-34 stimulation altered neither EEA-1 expression in macrophages nor its co-localization with Aβ (one-way ANOVA, p > 0.05), indicating that despite differences in scavenger expression among M-CSF- vs. IL-34-treated macrophages, there were no differences in Aβ trafficking through early endosomes (Figures 7A–C). MMP-9, a secreted matrix metalloprotease, serves as an important enzyme implicated in effective degradation of extracellular Aβ by macrophages (69, 70). Expression of MMP-9 was markedly affected by IL-34, as macrophages cultured with sequential M-CSF → IL-34 and IL-34 alone saw an 83 and 89% reduction in MMP-9 expression when compared to M-CSF control, respectively (one-way ANOVA, p < 0.0001; Figures 7D–F).
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FIGURE 7. IL-34 does not influence Aβ42-targeting into early endosomes but reduces expression of MMP-9, an extracellular Aβ42-degrading enzyme. Quantitative ICC analyses assessed for early endosomal antigen-1 (EEA1) expression (A) and co-localization of fibrillar (f)Aβ42 within EEA1+ vesicles (B). (C) Representative images of 6E10+Aβ42 uptake within EEA1+ vesicles following 30-min phagocytosis assay. (D,E) Representative images of MMP-9 expression in macrophages. (F) Quantitative ICC analyses assessing MMP-9 expression following fAβ42 exposure. Scale bars are 50 μm, unless otherwise indicated. ****P < 0.0001 and ns = not significant, by one-way ANOVA with Tukey's post-test or unpaired two-tailed Student t-s.





DISCUSSION

This study demonstrates that IL-34 stimulates differentiation of BMMO into mature macrophages with a substantially altered response to pathogenic forms of Aβ. Specifically, IL-34 exposure reduced macrophage uptake of both fibrillar and oligomeric forms of Aβ42, decreased phagocytic CD68 and mature F4/80 macrophage biomarkers, altered expression of key receptors involved in Aβ internalization (CD36 and TREM2), and reduced expression of the Aβ-degrading enzyme MMP-9.

M-CSF and IL-34 are both key regulators of macrophage survival and differentiation and are expressed in a wide range of tissues, including the brain. The present study supports the notion that both M-CSF and IL-34 can produce mature macrophages in vitro (39–41, 71). We demonstrate increased expression of CD68 and F4/80 in M-CSF-treated macrophages compared to those exposed to IL-34. CD68 is a scavenger receptor expressed in phagocytic macrophages that may be further upregulated in response to inflammatory stimuli (72, 73). Differential expression of this marker in M-CSF- and IL-34-treated macrophages could reflect a difference in basal activation status, as these macrophages were not stimulated with Aβ prior to immunostaining. Alternatively, this finding could reflect differences in downstream signaling cascades impacting cell surface scavenger receptor expression and phagocytic potential, as previously reported (39, 41). The finding that M-CSF- vs. IL-34-stimulated macrophages more readily uptake Aβ species provides evidence for the latter. Meanwhile, unlike CD68, F4/80 expression is not inducible by inflammatory activity; thus, differential expression between treatment groups may indicate that M-CSF exposure results in more efficient differentiation of monocytes into mature, F4/80+ macrophages. The primary goal of the present work was the characterization of the phenotypic and functional responses of M-CSF- and IL-34-treated murine macrophages to AD-associated Aβ, which until now, has not previously been investigated. Therefore, we did not seek to further characterize additional markers indicative of macrophage activation or polarization status in the resting state. Further work is greatly needed to address this important question.

Separately, we also demonstrated that when monocytes are exposed to IL-34 at any point in the differentiation period, fewer macrophages survive the development process. Prior studies either do not compare macrophage survival in response to M-CSF and IL-34 (40, 41) or show no survival differences between cytokine conditions (39, 71). It is possible that these discrepant results are due to species-specific or methodologic differences, as the latter investigations used human circulating monocytes rather than murine bone marrow-derived monocytes. In line with this idea, our finding of reduced macrophage survival following IL-34 exposure is supported by in vivo work using murine M-CSF and IL-34 knockouts. Specifically, M-CSF−/− mice exhibit macrophages in fewer numbers and with impaired function, while macrophages in IL-34LacZ/LacZ mice are essentially unaffected (42). These in vivo studies indicate that M-CSF is critical for the development and survival of circulating monocytes/macrophages in vivo, while IL-34 is necessary for the maintenance of microglia and Langerhan's cells in the skin (42, 45–48). Additionally, expression of IL-34 has been shown to exceed that of M-CSF in the cortex and hippocampus, regions of the brain strongly impacted in AD (47, 48). As such, it is conceivable that these pathologic brain regions may release larger quantities of IL-34 in a dysregulated manner, which may subsequently have a detrimental effect on macrophage phenotype and immunological profile. Future studies are warranted to investigate the expression of IL-34 in AD-affected brain regions in comparison to normal, healthy controls.

One of the most notable findings of our study is that IL-34 exposure at any phase of differentiation substantially reduced uptake efficiency of both fibrillar and oligomeric Aβ by macrophages. We are the first to investigate the effects of IL-34 on macrophage-mediated Aβ clearance, and our findings complement and differ from recent, similar investigations in both murine and human microglia. In murine microglia, IL-34 stimulation enhanced microglial clearance of soluble Aβ through upregulation of insulin-degrading enzyme (IDE) and the antioxidant heme-oxygenase 1, though without any effect on Aβ phagocytosis (52). Meanwhile, post-mortem human microglia treated with IL-34 adopted a pro-inflammatory phenotype, with downregulation of key genes involved in Aβ uptake and lysosomal degradation. Interestingly, the phenotype of post-mortem microglia exposed to M-CSF did not differ from IL-34-treated microglia (50). Our work in murine bone marrow-derived monocytes is an important contribution to the literature on myeloid-mediated clearance of pathologic forms of Aβ and further highlight the cell type- and species-specific differences in myeloid cell function. The pro-inflammatory, anti-phagocytic pattern of gene expression in IL-34-treated human microglia coincides with our findings in IL-34-treated macrophages; however, we showed a substantial difference in phagocytic capacity between M-CSF and IL-34 conditions that was not reflected in human post-mortem microglia. The investigations in murine microglia did not compare the neuroprotective effects of M-CSF and IL-34 and may shed some light on this issue. Regardless, M-CSF and IL-34 play non-overlapping roles in supporting survival and function of microglia and circulating monocyte-derived macrophages (42), and this work supports the notion that the distinct myeloid cell populations respond differently to stimulation through CSF1R and, consequently, to pathologic forms of Aβ.

Macrophages primarily clear Aβ through cellular uptake and degradation, and less so via production of Aβ-degrading enzymes (2). Given the profound differences observed in Aβ uptake by M-CSF- and IL-34-treated macrophages, we studied the machinery involved in receptor-mediated endocytosis by staining for three key receptors involved in Aβ uptake (SCARA1, CD36, and TREM2) as well as the early endosome marker EEA1. We demonstrated that IL-34 decreased co-localization of Aβ on the scavenger receptor SCARA1 and decreased overall expression of TREM2. This suggests that decreased Aβ passage through both receptors is at least partially responsible for the observed reduction in total Aβ uptake by these macrophages. However, while IL-34 exposure increased CD36 expression on macrophages without affecting co-localization of Aβ with CD36, it did not ultimately affect Aβ trafficking through early endosomes. This latter finding suggests that in spite of the different expression of key receptors involved in Aβ uptake, there are no differences in the final common pathway of endosomal trafficking. It is important to emphasize, though, that EEA-1 is only expressed on early endosomes, and it is possible that subsequent trafficking through the endosomal-lysosomal system differs among treatment conditions. Alternatively, it is also possible that mechanisms of Aβ uptake distinct from receptor-mediated endocytosis are employed by these macrophages. For instance, macropinocytosis, which does not involve trafficking through early endosomes, has been implicated in myeloid cell uptake of soluble, oligomeric forms of Aβ (74, 75). M-CSF in particular has been shown to increase macropinocytosis in macrophages, which could explain the observed increase in Aβ uptake by M-CSF-stimulated macrophages in the absence of differences in endosomal trafficking (75). Future studies should investigate exactly which intracellular vesicles contain Aβ and identify other mechanisms by which IL-34- and M-CSF-stimulated macrophages facilitate Aβ uptake in vitro.

Macrophages are known to secrete a variety of Aβ-degrading enzymes in vivo, and recently, MMP-9 was shown to facilitate Aβ clearance by infiltrating monocyte-derived macrophages in the brains of AD transgenic mice (19, 21, 22, 24, 37). For this reason, we investigated the expression of MMP-9 in macrophages cultured with M-CSF vs. IL-34 following exposure to fibrillar Aβ in vitro. IL-34-treated macrophages demonstrated substantially reduced expression of MMP-9 compared to M-CSF-treated macrophages, suggesting another mechanism by which IL-34 reduces the Aβ-clearing capacity of BM-derived macrophages. Of note, IL-34 stimulation of murine microglia did not modulate MMP-9 expression but did significantly increase expression and secretion of the Aβ-degrading enzyme IDE (52). Further studies are needed to evaluate the expression of other Aβ-degrading enzymes in response M-CSF and IL-34 stimulation to gain a more comprehensive picture of macrophage Aβ clearance capacity.

Another key finding of this study is the difference in macrophage morphology in response to fibrillar Aβ. Macrophage polarization is typically associated with specific morphologies: classically activated, pro-inflammatory macrophages usually have rounder cell bodies, while alternatively activated, anti-inflammatory macrophages are more elongated (65, 76). In addition to their anti-inflammatory properties, the alternatively activated macrophages generally phagocytose more efficiently than their classically activated counterparts (76). Our finding that IL-34-stimulated macrophages elongate less than M-CSF-stimulated macrophages further supports the notion that IL-34 macrophages have a less favorable response to pathogenic forms of Aβ and may contribute to the reduced Aβ uptake executed by these cells.

It is important to acknowledge several limitations of our study not addressed in the preceding discussion. First and foremost, this is an in vitro study of murine macrophage physiology that does not and cannot effectively recapitulate the complex inflammatory milieu of the AD brain, nor do these findings necessarily translate to human disease. Chronic inflammation and other AD-associated changes have been shown to substantially alter both microglial and macrophage response to Aβ (77–79), and future studies should evaluate the effects of IL-34 on macrophage-mediated clearance in vivo. The findings reported here should also be reproduced in human macrophages in order to confirm relevance to human disease. Additionally, though we demonstrate reduced uptake of both fibrillar and oligomeric Aβ42, we focus on macrophage response to fibrillar Aβ42. Future studies should also evaluate the mechanism of reduced oligomeric Aβ42 uptake by macrophages. Lastly, we compare the effects of M-CSF and IL-34 on macrophage phenotype because of their activity through the shared receptor CSF1R. Prior work in human monocytes suggests that IL-34 stimulates macrophage differentiation as well as scavenger receptor expression in a CSF1R-dependent manner (41). Similarly, it was shown that signaling through CSF1R is responsible for the neuroprotective effect of IL-34-stimulated microglia in neuron co-cultures exposed to Aβ (52). Nonetheless, we cannot rule out the possibility that additional receptors for IL-34 impact macrophage phenotype in some capacity. For instance, syndecan-1, a heparin sulfate proteoglycan, has been identified as an additional receptor for IL-34 and was recently shown to modulate the activity of IL-34, but not M-CSF, through CSF1R in myeloid cell lines (80). It is also possible that additional, yet unknown receptors for IL-34 modulate this relationship. Further work is necessary to comprehensively characterize the IL-34 signaling axis in macrophages, as modulation of this axis may have therapeutic applications across a broad range of disease conditions.

In summary, we are the first to demonstrate the phenotypic and functional response of IL-34-treated macrophages to pathogenic forms of Aβ. We demonstrate that IL-34-treated macrophages uptake fibrillar and oligomeric Aβ less efficiently than those treated with M-CSF, perhaps due to a combination of altered Aβ receptor expression and a relative failure to adopt an anti-inflammatory phenotype that supports Aβ uptake. Our findings add to the growing body of evidence highlighting the differences in microglia- and macrophage-mediated clearance of Aβ in the setting of AD. As described in the literature, the beneficial effects of IL-34 on microglia-mediated clearance of Aβ suggest that increasing IL-34 in brain regions affected in AD may provide some therapeutic value (42, 45–48, 50, 52, 53). However, the results of our study paint a far more complex picture. Given that IL-34 seems to hinder macrophage phenotype and immunological response to Aβ challenge, peripheral blood blockade of IL-34 in patients suffering with AD may represent a potential therapeutic avenue by allowing for differentiation and development of adept macrophages more strongly suited to remove pathological Aβ. It is now clear that the effects of IL-34 are cell type-specific, and further work is needed to evaluate the differential effects of IL-34 on both myeloid populations to better characterize the potential impact of IL-34 modulation in vivo.
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Multiple Sclerosis (MS) is characterized by immune cell infiltration to the central nervous system (CNS) as well as loss of myelin. Characterization of the cells in lesions of MS patients revealed an important accumulation of myeloid cells such as macrophages and dendritic cells (DCs). Data from the experimental autoimmune encephalomyelitis (EAE) model of MS supports the importance of peripheral myeloid cells in the disease pathology. However, the majority of MS therapies focus on lymphocytes. As we will discuss in this review, multiple strategies are now in place to target myeloid cells in clinical trials. These strategies have emerged from data in both human and mouse studies. We discuss strategies targeting myeloid cell migration, growth factors and cytokines, biological functions (with a focus on miRNAs), and immunological activities (with a focus on nanoparticles).
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INTRODUCTION

Myeloid cells play critical roles in the health and diseases of the central nervous system (CNS). For example, myeloid cells constitute a significant proportion of the cells found within perivascular infiltrates in CNS lesions of Multiple Sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (EAE) (1–3). Myeloid cells are also critically involved in the secondary damage in spinal cord injury (SCI) and traumatic brain injury (TBI) (4–6). These myeloid cells have the ability to attract other immune cells, release neurotoxic factors, phagocytose proteins and debris and promote the expansion, and polarization of antigen-specific T cells in the CNS. In addition to their capacity to induce and sustain inflammation, myeloid cells are also critically involved in communication with glial cells and neurons, as well as in promoting and maintaining peripheral tolerance (7–9).

MS is an inflammatory autoimmune disease wherein cells of the immune system initiate an attack against myelin in the CNS that supports axonal conduction. The immune response in MS is thought to be mediated by autoreactive T lymphocytes that recognize myelin peptides. Typically, demyelination is associated with an accumulation of T lymphocytes (lymphoid component of infiltrates) and monocytes/ macrophages/ dendritic cells (myeloid cells component of infiltrates) that arise from the migration of peripheral blood immune cells across the CNS microvascular endothelium (10–12).As they infiltrate the CNS, encephalitogenic T lymphocytes require the presence of these blood-derived antigen-presenting cells (APCs) to further sustain lymphocyte proliferation and cytokine polarization in the CNS compartment (13–16). The role of these peripherally-derived myeloid cells in CNS inflammation will be the focus of the present review.



ROLE OF MYELOID CELLS IN THE PATHOGENESIS OF MS AND OTHER AUTOIMMUNE DISEASES

Experimental autoimmune encephalomyelitis is a commonly utilized mouse model of MS that recapitulates many aspects of the human disease such as the CNS inflammation, encephalitogenic T cell infiltration, and attack of oligodendrocytes resulting in demyelination. Although not perfect, EAE has allowed uncovering some of the molecular pathways governing the pathogenesis of MS such as elucidating the pathogenic role of TH17 lymphocytes. In addition, EAE models were critical in identifying and testing new therapeutic agents such as glatiramer acetate (GA) and Natalizumab (17).

Although myeloid APCs play a prominent role in the pathogenesis of MS, there has been little consideration given to targeting these cells as an MS therapy. Some of the current MS disease-modifying therapies may act on myeloid cells even if these cells were not the original intended targets (18). However, interfering directly with myeloid cell has proven to be efficacious in other diseases including psoriasis with multiple drugs targeting IL-23 (Guselkumab, Risankizumab, and Tildrakizumab) or IL-12 and IL-23 (Ustekinumab) (19), Crohn's disease and ulcerative colitis targeting IL-12 and IL-23 (Ustekinumab) (20), rheumatoid arthritis targeting IL-1 (Anakinra) (21), systemic juvenile idiopathic arthritis targeting IL-1β (Canakinumab) (22), and many others. There are ongoing clinical trials in rheumatoid arthritis, stroke, atherosclerosis, and cancer using agents that target myeloid cells and their products. Biber et al. have provided a recent comprehensive review of drugs in clinical trials targeting myeloid cells in CNS diseases such as Alzheimer's disease, brain tumors, and inflammatory pain, as well as for other CNS diseases (23).

As we will discuss in this review, multiple tools have been developed in the EAE models of MS demonstrating significant regulation of disease progression by various approaches blocking myeloid cell activation and effector function, but to date, these approaches have not been tested for therapeutic efficacy in MS patients.



TARGETING MYELOID CELL MIGRATION

The first strategy we will discuss is interference with peripheral myeloid cell migration to the CNS. The blood-brain barrier (BBB), composed of tightly bound endothelial cells (ECs), regulates the entry of blood-borne molecules and immune cells into the CNS. Under physiological conditions, a limited number of peripheral blood immune cells gain access to the CNS, a process called immune surveillance (24). During an inflammatory process, meningeal, and BBB-ECs amplify the migration of immune cells into the CNS parenchyma, in a multi-step process that involves selectins, chemokines and cell adhesion molecules (25). BBB-ECs express cell adhesion molecules such as intercellular adhesion molecule (ICAM)-1, vascular cell adhesion molecule (VCAM)-1, activated leucocyte cell adhesion molecule (ALCAM), and melanoma cell adhesion molecule (MCAM) which mediate at least in part, the adhesion process and the transmigration of leucocytes to the CNS through their interaction with integrins αLβ2 [leucocyte function-associated antigen (LFA)-1], α4β1 [very late antigen (VLA)-4], CD6, and MCAM respectively (26–31). Interfering with immune cell trafficking across the BBB by targeting adhesion molecules has proven to be beneficial in reducing clinical disease activity and pathological indices in MS (32). Indeed, Natalizumab, which blocks VLA-4, the ligand of VCAM-1, is reported to reduce migration of most leukocyte subtypes, including myeloid cells, into the brain.

More recently, a new adhesion molecule expressed by BBB-ECs called Nerve injury-induced protein (Ninjurin)-1 was described (33). Ninjurin-1 is a membrane protein known to interact in a homophilic manner through an extracellular residue-binding motif (34). On immune cells, Ninjurin-1 was weakly expressed by lymphocytes, but highly expressed by peripheral myeloid APCs including monocytes, macrophages and dendritic cells (DCs), in humans and mice. Interestingly, Ninjurin-1 was also found to be expressed in MS lesions. Ninjurin-1 neutralization specifically abrogated the adhesion and migration of human monocytes across a monolayer of BBB endothelial cells, without affecting lymphocyte recruitment. Moreover, Ninjurin-1 blockade during the course of EAE reduced infiltration of peripheral myeloid cells and reduced clinical disease activity and histopathological indices of EAE (33).

Another adhesion molecule involved in the migration of peripheral myeloid cells is junctional adhesion molecule (JAM)-like (JAML). JAMs are type I transmembrane proteins differentially expressed at the junctions of ECs, epithelial cells, and on various leukocytes (35). Similarly to Ninjurin-1, JAML can interact in a homophilic manner (36). It was observed that JAML is expressed by BBB-ECs, and has an increase expression in MS lesions compared to normal appearing white matter (37). In addition, human monocytes and CD8+ T cells were found to express JAML, and its level was significantly increased on RRMS patients when compared control subjects: 80 vs. 52% for monocytes, and 5.5 vs. 2.1% and for CD8+ T cells. These data reveals that JAML might be a more important adhesion molecule for monocytes than for CD8+ T cells. However, migratory capacity of both cell types was significantly compromised when JAML was blocked.

Chemotactic cytokines (chemokines) are secreted proteins that regulate the migration of leukocytes. Chemokine receptor signaling plays a central role in cell migration during inflammatory responses in autoimmune and infectious diseases as well as in cancer. There are ~50 chemokines and 20 receptors known at this time. Blockade of CCR1 and CCR2 have been the two majors targets in a half dozen MS clinical trials (38). The chemokines CCL3 (macrophage inflammatory protein-1α–MIP-1α) and CCL5 (regulated on activation, normal T cell expressed and secreted—RANTES) bind to CCR1, while CCL2 (monocyte chemoattractant protein 1—MCP-1) binds to CCR2. Both lymphoid and myeloid cells express CCR1 and CCR2, with monocytes/macrophages/DCs the cells where these chemokine receptors are most abundant (39–42). In animal models of MS, it was shown that CCR1-deficient animals developed a less severe disease (43), while CCR2-deficient mice were completely resistant to disease induction (44, 45), highlighting the importance of signaling through these chemokine receptors for disease initiation. In addition, it has been shown that CCR2+Ly-6Chi monocytes are rapidly recruited to the inflamed CNS in EAE and are crucial for the effector phase of disease. Selective depletion of this specific monocyte subpopulation through engagement of CCR2 significantly reduced disease severity (46). CCR1+ and CCR2+ macrophages were both found in active MS lesions (47, 48). The role of chemokines and their receptors are now well-characterized in MS and other inflammatory diseases. The potential for a therapy targeting this signaling pathway is well-recognized. However, none of the chemokine-directed MS clinical trials has shown robust clinical efficacy. Similar lack of clinical responses have also been reported in therapeutic trials targeting chemokines in other diseases such as rheumatoid arthritis, psoriasis, asthma, and many others (49). The issue may lie in the redundancy of chemokine/chemokine receptor action, in which case, it may be beneficial to develop strategies employing multiple antagonists simultaneously.

As innate cells, myeloid cells express pattern recognition receptors (PRRs). PRRs include Toll-like receptors (TLRs), RIG-I-like receptors, NOD-like receptors, and C-type lectin receptors (CLRs) (50). Selectins, which are part of the C-type lectins family, are known to play a crucial role in the control of leukocyte trafficking and homing to sites of inflammation (51). Selectins are particularly important for the rolling of cells on endothelial cells, an important component of migration of myeloid cells into tissue sites of inflammation (52). More recently, it was uncovered that CLEC12A, a CLR, was involved in facilitating binding and transmigration of DCs across the BBB in response to CCL2 chemotaxis (53). In EAE, CLEC12A−/− mice displayed delayed disease onset and significantly reduced disease severity. Additionally, in a chronic model of EAE, anti-CLEC12A antibody treatment initiated at disease initiation also delayed onset and lessened disease severity. Anti-CLEC12A antibody administration to mice undergoing relapsing-remitting EAE after disease onset, resulted in less severe disease relapse (53). Although the ligand of CLEC12A is currently unknown, it was suggested that the ligand is present on BBB endothelial cells (53).



TARGETING MYELOID CELL ACTIVATION AND CYTOKINES


Growth Factors

Abundance of immune cells as well as cytokines, chemokines and immunoglobulins in MS plaques and their accumulation in the cerebrospinal fluid (CSF) of MS patients, support the notion that MS is an inflammatory disorder. These observations lend support to the idea that immune cell products, especially cytokines, have an important role in both the induction and progression of MS. Targeting cytokines has been a successful strategy used in therapy of other inflammatory diseases. For example, blockade of tumor necrosis factor (TNF) has shown positive results in Rheumatoid Arthritis and Crohn's disease (54, 55). As of December 2016, TNF inhibitors were the world's leading drug class, with sales of more than US $30 billion and used in more than seven million patients (56). In MS, the first treatment approved for RRMS was interferon (IFN)-β, thus showing that cytokines manipulation is potentially a good strategy.

Current data suggests that MS, and its animal model, EAE, are driven by both TH1 lymphocytes, producing IFN-γ, interleukin (IL)-2 and TNF, and TH17 lymphocytes, producing IL-17, IL-21, IL-22, and Granulocyte-macrophage colony-stimulating factor (GM-CSF also known as CSF-2). Surprisingly, IFN-γ, IL-12, IL-17A, IL-17F, IL-21, and IL-22 have all been shown to be dispensable for the development of EAE [reviewed in (57); discussed here (58)]. However, in 2011, the CNS pathogenicity of TH17 cells was reported to be primarily associated with their production of GM-CSF (59, 60). GM-CSF production by T cells has been correlated with pathogenesis in several autoimmune diseases, including MS, rheumatoid arthritis, and myocarditis. It was reported that IL-1β- and IL-23-induced production of GM-CSF by CNS-infiltrating CD4+ T cells is essential for the induction of EAE (59, 60).

GM-CSF is a hematopoietic growth factor produced by a number of hematopoietic and non-hematopoietic cell types including activated CD4+ T cells, monocytes/macrophages, B cells, NK cells, endothelial cells and epithelial cells. GM-CSF has a wide array of functions, notably the survival and activation of myeloid cells, the ability to induce differentiation of dendritic cells (DCs), the polarization of macrophages toward a pro-inflammatory M1 phenotype, enhanced antigen presentation, the induction of complement- and antibody-mediated phagocytosis, and the mobilization of monocytes and other myeloid populations from bone marrow to blood (61–63).

The GM-CSF receptor (GM-CSF Rc) is a heterodimer comprised of a specific low-affinity α chain (CD116; GM-CSF Rα) and a common β chain (CD131; GM-CSF Rβ) that is shared by IL-3 and IL-5 (64). The GM-CSF Rc is expressed in multipotent myeloid progenitor cells and continues to be expressed throughout myeloid development on monocytes, DCs, macrophages and neutrophils (65–67). It is not expressed by T and B lymphocytes (67). Thus, most of the suspected direct effects of the GM-CSF in diseases are focused on myeloid cells (peripheral and CNS resident).

Findings related to the function of GM-CSF signaling in EAE pathology have been recently reviewed (68). In brief, in EAE, GM-CSF is necessary for disease as GM-CSF KOs were found to be resistant to disease induction (69). Disease can be rescued by the administration of recombinant GM-CSF. Adoptive transfer using cytokine-deficient mice showed that wild-type, IL-17A−/−, and IFNγ−/− T cells induced EAE with similar kinetics. By contrast, GM-CSF−/− T cells were incapable of inducing EAE and invading the CNS (59). Due to the variety of cells GM-CSF can stimulate, it became important to determine the cell population in which signaling was necessary for disease. A bone marrow chimera study determined that peripheral myeloid cells, but not microglia, are key responders (59). This corresponds with earlier observations that GM-CSF administration stimulated CD11b+ Ly6Chi inflammatory monocytes into the circulation (70). Circulating Ly6Chi monocytes traffic across the blood-brain barrier, up-regulate pro-inflammatory molecules, and differentiate into central nervous system DCs and macrophages (70). These data were confirmed recently using conditional gene targeting in which the β chain of the GM-CSF receptor (Csf2rb) was deleted in specific subpopulations throughout the myeloid lineages (71). It was found that deletion of Csf2rb in CCR2+Ly6Chi monocytes phenocopied the EAE resistance seen in complete Csf2rb-deficient mice.

In humans, GM-CSF levels in the CSF are higher in patients with active MS than in patients in remission (72). Also, untreated MS patients had significantly greater numbers of CD4+ GM-CSF+ T cells and CD8+ GM-CSF+ T cells in peripheral blood compared with healthy controls and with IFN-β-treated MS patients (73). In addition, IFN-β significantly suppressed GM-CSF production by T cells in vitro. More recently, the Canadian B cells in MS Team uncovered a subset of memory B cells producing GM-CSF (74). In vitro, GM-CSF–expressing B cells efficiently activated myeloid cells in a GM-CSF–dependent manner, and in vivo, B cell depletion therapy resulted in a GM-CSF–dependent decrease in pro-inflammatory myeloid responses of MS patients.

In light of the critical role of GM-CSF in the pathogenesis of MS and other inflammatory diseases, multiple tools have been developed targeting either the cytokine or the receptor. First tested in EAE, it has been shown that blocking antibodies against GM-CSF in chronic (C)-EAE (69) or antibodies against GM-CSF Rα in C-EAE and Relapsing-Remitting (RR)-EAE (75) were able to prevent disease if given at the time of EAE induction (day 0). Mice treated with anti-GM-CSF after disease onset completely recovered within 20 days of treatment in a model of C-EAE (69). Therapeutic treatment with anti-GM-CSF Rα ameliorated progression of C-EAE and resulted in a significant reduction of the relapse severity of RR-EAE (75). Blockade of the GM-CSF Rα led to a reduction of activated mDCs, and reduced pro-inflammatory cytokine production by CD11b+ Ly6C+ inflammatory monocytes. Additionally, anti-GM-CSF Rα altered the expression of chemokine receptors, leading to the possibility that antibody treatment may impede cell migration (75).

Logically, the next step is to test the therapeutic potential of GM-CSF targeting in humans. A review of tools developed for clinical trials can be found here (76). At this time, GM-CSF blocking antibodies have been tested in Rheumatoid Arthritis and have shown promising results. As for MS, only one drug has been tested in clinical trials: MOR-103 (also known as GSK3196165 or otilimab), a human antibody to GM-CSF. The results of a Phase Ib clinical trial employing MOR-103 in patients with relapsing-remitting or secondary-progressive MS have shown the drug to be safe and well-tolerated, although with modest efficacy (77). At this moment, there are no ongoing clinical trials targeting GM-CSF or GM-CSF receptor in MS.

Another important growth factor regulating myeloid cell function is macrophage colony-stimulating factor (M-CSF also known as CSF-1). M-CSF is ubiquitously produced in the steady state by a variety of cells, including endothelial cells, fibroblasts, osteoblasts, smooth muscle, and macrophages, and can be detected in plasma at ~10 ng/ml (78–80). The levels of circulating M-CSF are upregulated in pregnancy (81) as well as in many different pathologies including cancer, autoimmune diseases and chronic inflammation (82–86). M-CSF stimulates progenitor cells from bone marrow and plays an important regulatory role in the survival, proliferation (in mice), differentiation, phagocytosis, and chemotaxis of myeloid cells, including monocytes, macrophages, DCs, and microglia (87–89). The effects of M-CSF are mediated by signaling through the type III tyrosine kinase transmembrane receptor CSF-1R (CD115), which is encoded by the c-fms proto-oncogene (90). IL-34 is also able to bind CSF-1R with similar outcomes as to M-CSF binding (88). However, M-CSF and IL-34 present differences in their spatiotemporal expression patterns, and thus seem to play complementary roles in their biological activities on target cells (88, 91, 92). CSF-1R is expressed by myeloid cells such as monocytes, macrophages, DCs, and microglia, as well as by trophoblasts, neural progenitor cells and epithelial cells (93, 94).

There is ongoing debate about whether M-CSF is a pro-inflammatory or pro-repair cytokine. M-CSF seems to be essential for the survival and renewal of tissue-resident macrophages, but not for circulating myeloid cells. Indeed, in the osteopetrotic Csf1op/Csf1op mouse, which harbor an inactivating mutation in the coding region of the CSF-1 gene and are M-CSF deficient, the functions and numbers of several tissue macrophage populations are altered while there is no difference in monocyte populations in the blood (95). These findings were later confirmed in mice deficient for a specific enhancer for Csf-1r gene, the fms-intronic regulatory element (FIRE) (96). Csf1rΔFIRE/ΔFIRE mice present a deficit in tissue resident macrophages in the brain (microglia), skin, kidney, peritoneal, and heart without significant differences in blood monocytes. During inflammation, the presence of monocytes in inflamed tissue is critical for proper immune responses, notably due to their capacity to traffic to draining lymph nodes and their ability to present antigens to T cells (2, 97–103). While tissue resident macrophages also participate in inflammatory processes, their role in promoting tissue repair and regeneration is critical (104, 105). For example, M-CSF favors kidney and liver repair after acute injury (106–108). Moreover, M-CSF is used to drive human and in mouse macrophage differentiation in vitro into an anti-inflammatory (M2) phenotype (109–111). In EAE, it was shown that peritoneal APCs treated with M-CSF and pulsed with MOG35−55, the disease initiating peptide, were able to suppress ongoing EAE when injected at the time of disease initiation or significantly reduce the severity of the disease when injected at day 7 post-immunization (112). These M-CSF activated APCs were demonstrated to induce a Treg profile from CD4+ T cells (CD25+ FoxP3+) with increased secretion of IL-10 and decreased secretion of IL-17, IFN-γ, and TNF (112).

However, as mentioned earlier, elevated levels of M-CSF are also observed in different pathologies. There are multiple publications linking M-CSF/IL-34 and CSF-1R signaling in models of arthritis (113–116), diabetes (117), systemic lupus erythematosus (85, 118), cancer (119–121), amyotrophic lateral sclerosis (122), Parkinson's disease (123), and Alzheimer's disease (124–126). In an effort to determine the role of M-CSF/IL-34 and CSF-1R signaling in MS, different groups used potent c-fms tyrosine kinase inhibitors, which block M-CSF signaling. Ki20227 (127), imatinib (128), GW2580 (128, 129), sorafenid (128), and PLX5622 (130) are all tyrosine kinase inhibitors that have shown to effectively treat C-EAE. GW2580 has the greatest apparent specificity for CSF-1R vs. the other kinase inhibitors (131). Amelioration of EAE using Ki20227 was associated with the suppression of myeloid cell expansion in the spleen and reduction in MOG-specific T-cell proliferation (127). GW2580 and sorafenib suppressed TNF-α production by macrophages whereas imatinib and sorafenib both abrogated PDGF-induced proliferation of astrocytes (128). PLX5622 effect was associated with microglia and macrophage ablation from the white matter (130). However, in the cuprizone model of CNS demyelination, which allows study of the remyelination process with little involvement of the peripheral immune cells (132), injection of M-CSF reduced demyelination by boosting microglia activity (133). Tamoxifen-induced conditional deletion of the CSF-1R in microglia from cuprizone-fed mice caused aberrant myelin debris accumulation and reduced microglial phagocytic responses (89, 133). These data indicate that M-CSF plays an important role in ability of microglia to clear myelin debris and to support proper remyelination, and suggest M-CSF functions as a critical factor in tissue repair. These divergent results exemplify the various functions of M-CSF/IL-34 and CSF-1R signaling on cells. The possible contribution of M-CSF signaling to both inflammatory and repair processes suggest that targeting M-CSF in MS may be problematic. However, although there is an increase of myeloid cells in MS lesions, the expression of CSF-1R is lower in MS lesions when compared to normal appearing white matter (134). It is thus possible to hypothesize that a therapeutic treatment targeting M-CSF in MS would primarily target peripheral myeloid cells rather than those in the CNS.

There are now multiple tools targeting M-CSF signaling approved for human therapy, especially for cancer. Imatinib was the first tyrosine kinase inhibitor approved for the treatment of chronic myelogenous leukemia (135). Imitanib is also now in clinical trials for the treatment of different pathologies, such as rheumatoid arthritis, type I diabetes and asthma, for which positive results of a phase 2 clinical trial were recently published (136). Sorafenib is approved for the treatment of primary kidney cancer and advanced primary liver cancer (137). Although there are side effects related to these inhibitors, an important advantage of tyrosine kinase inhibitors is the fact they can be administered orally to the patients. In September 2019, a phase 3 clinical trial for RRMS was started testing the efficacy of evobrutinib, a Bruton's tyrosine kinase inhibitor. Although this is not a CSF-1R inhibitor, it shows: (1) the desire to develop oral treatments in MS, and (2) the possibility of targeting tyrosine kinases in MS. Bruton's tyrosine kinase are critical for B cell receptor signaling and is also involved in TLR signaling as well as inflammasome activation in myeloid cells (138)



Cytokines

As mentioned earlier, blockade of myeloid specific cytokines IL-1β, IL-12, and IL-23 have proven to be efficient therapies in multiple diseases such as Crohn's disease, ulcerative colitis, rheumatoid arthritis, psoriasis, and systemic juvenile idiopathic arthritis. These cytokines are all involved in CD4+ T lymphocytes differentiation. While IL-12 is critical for TH1 induction (139), IL-1β and IL-23 are both involved in TH17 differentiation and promote the encephalitogenic capacity of these cells by inducing GM-CSF expression (60, 140, 141). In EAE, mice lacking IL-1β, or the receptor, IL-1R, developed a milder disease than WT animals (140, 142–145). Moreover, specific ablation of IL-1R on CD4+ T cells resulted in significantly reduced disease severity (146), confirming the importance of IL-1β signaling on T cells to induce a full EAE. In addition, rats treated with an IL-1 receptor antagonist (IL-1Ra), which blocks the biological activity of IL-1β, developed milder signs of EAE compared to control animals (147). As IL-1β secretion is the result of inflammasome activation, mice treated with a blocking agent for the inflammasome component NLRP3 exhibited decreased EAE severity (148). In MS, it was shown that IL-1R expression is significantly higher in CD4+ T cells from RRMS patients than from healthy controls (149). IL-1β expression was also found to be significantly increased in MS lesions when compared to tissue from other neurological diseases (150). Interestingly, multiple treatments used in MS [e.g., IFN-β, glatiramer acetate, and natalizumab] have shown to increase IL-1Ra expression and/or to decrease IL-1β production (151, 152)]. Multiple tools have been developed to block IL-1β activity: the recombinant IL-1Ra Anakinra used for rheumatoid arthritis, the neutralizing IL-1β antibody Canakinumab used for systemic juvenile idiopathic arthritis as well as cryopyrin-associated periodic syndrome, and the soluble decoy IL-1 receptor (Rilonacept) also use for cryopyrin-associated periodic syndromes (153). At this time, Anakinra is the only IL-1β-targeting drug in clinical testing for MS. This Phase I/II clinical trial just started a few months ago, and at this time, it is still in the recruitment phase (NCT04025554).

IL-12 and IL-23 are heterodimeric cytokines that share a common subunit IL-12p40. The other subunit needed to form IL-12 is IL-12p35, while the other subunit to form IL-23 is IL-23p19. IL-12 signals through the IL-12 receptor (IL-12R) composed of the IL-12Rβ1 and IL-12Rβ2 subunits, while IL-23 signals through IL-23R and IL-12Rβ1 (154). Thus, IL-12Rβ1 is required for biological response to both IL-12 and IL-23. When specific gene ablation was tested for the different receptor chains of IL-12 and IL-23, it was found that IL-12Rβ1−/− mice were completely resistant to EAE (155). However, IL-12Rβ2−/− mice developed severe EAE, extensive inflammation and demyelination, and higher production of pro-inflammatory cytokines than WT animals (156). Finally, similar to IL-12Rβ1−/− mice, IL-23R−/− mice were completely resistant to EAE induction (157). As for the cytokines, mice deficient for the subunits IL-23p19 or IL-12p40 were resistant to EAE. By contrast, mice in which the subunit IL-12p35 was deleted were highly susceptible to EAE (158). In addition, treatment with anti-IL-12p40 antibodies inhibited both murine and primate models of EAE (159–161). Treatment with anti-IL-23p19 antibodies reduced the clinical severity and prevented relapsing EAE by inhibiting epitope spreading (162). These results led to the conclusion that IL-23 was a more critical factor than IL-12 in the inflammatory response observed in EAE. Nevertheless, there are multiple studies linking both cytokines to MS pathology. It was demonstrated that peripheral blood monocytes from progressive MS patients produced increased amounts of IL-12 compared to controls and that IL-12 production correlated with disease activity (163). Another study showed an augmented level of IL-12 mRNA-expressing cells in the peripheral blood and the CSF of MS patients when compared to controls (164). There was also elevated levels of IL-12p70 detected in plasma from MS patients compared to healthy individuals. A more recent report showed that both RRMS and secondary progressive MS patients had increased levels of IL-12p40 mRNA compared with controls during the development of active lesions (165). IL-12p40 and IL-23p19 have also been detected in human MS lesions (166, 167). Based on this and other data, there was hope that Ustekinumab, an IL-12p40 neutralizing antibody, would be efficacious for treatment of MS. However, disappointingly no clinical improvement in the treatment group compared to the placebo was found (168). Possible reasons for the failure of Ustekinumab are the broad range of MS patients in the trial, many having very severe symptoms and long-standing disease. Also, there may be weak bioavailability of the drug as Ustekinumab may be inefficient in crossing the BBB (169). At this time there are no ongoing trials targeting IL-12/IL-23 in MS despite the impressive results in the various animal models of the disease.




TARGETING BIOLOGICAL FUNCTIONS OF MYELOID CELLS

MicroRNAs (miRNAs) are small non-coding RNAs of 17–25 nucleotides that regulate gene expression by inducing mRNA degradation or by interfering with translational machinery of mRNAs (170). It is predicted that more than 60% of protein-coding genes are regulated by miRNAs (171). They are key regulators of various biological processes including immune cell lineage commitment, differentiation, maturation, and maintenance of immune homeostasis and normal function [reviewed in (60)]. Extensive evidence demonstrates that miRNAs play crucial roles in the development, differentiation, and function of different immune cells, such as B and T lymphocytes, DCs and macrophages (172–175). In the last few years, miRNAs have drawn a lot of interest due to their involvement in the pathogenesis of cancer, inflammatory and autoimmune diseases [reviewed in (176)].

In MS patients, expression studies using whole blood (177), PBMCs (178), as well as brain sections (179) identified multiple deregulated miRNAs. Of these miRNAs, three were consistently upregulated across multiple studies and directly affecting myeloid cell functions: miR-223, miR-155 and miR-146a. miR-223 is induced by the myeloid transcription factors PU.1 and CCAAT/enhancer-binding protein-β (C/EBPβ) (180). miR-223 expression is mainly confined to myeloid cells and is induced during the lineage differentiation of myeloid progenitor cells. It was shown to negatively regulate both the proliferation and activation of neutrophils (181). Moreover, miR-223−/− macrophages exhibited enhanced pro-inflammatory M1, but decreased regulatory M2 responses (182). It was later described that miR-223 is required for efficient M2-associated phenotype and function (183). Moreover, a low functional level of the miR-223 is essential for monocyte differentiation. In MS patients, miR-223 was found significantly increased in blood, PBMCs and active MS lesions compared with control subjects (177, 179). During EAE development, the expression level of miR-223 is dramatically increased in myeloid cell populations, but not in other cell types, and was maintained at comparable levels between disease onset and peak of disease (184). Surprisingly, although miR-223 expression is associated with M2 macrophages and microglia (183), it was shown that miR-223 KO mice present a milder course of EAE than WT mice (184–186). Reduced disease severity was also observed in adoptive transfer EAE induced by transfer WT T lymphocytes into miR-223 KO recipient mice compared to transfer into WT recipient mice, demonstrating the importance of miR-223 on the APCs side rather than on the T cells side (184). Our group demonstrated that while M1-like macrophages were upregulated in KO mice, DCs showed a reduced inflammatory profile characterized by increased PD-L1 expression and decreased expression of IL-1β, IL-6, and IL-23, all cytokines involved in differentiating and sustaining a TH17 profile (184). Significantly, APCs from miR-223 KO mice have a comparable ability to drive TH1 cells, but possess a reduced capacity to drive TH17 cells (184). Moreover, it was shown that monocytic-myeloid-derived suppressor cells (MO-MDSCs) isolated from miR-223−/− suppressed T cell proliferation and cytokine production in vitro and regulated EAE more efficiently than MO-MDSCs derived from WT animals (186). The enhanced suppressive function of miR-223−/− MO-MDSCs was associated with higher expression of Arg1 and Stat3, which are miR-223 target genes (186). Interestingly, Stat3 controls the expression of PD-L1 on APCs (187), consistent with the previous observation of PD-L1 upregulation on DCs in miR-223−/− animals. Although these results point to miR-223 as a potential therapeutic target in MS, it is important to note that in a model of lysolecithin-induced demyelination, the absence of miR-223 was demonstrated to lead to impaired CNS remyelination and myelin debris clearance (183). The impaired capacity of M2 polarization by macrophages and microglia is likely a significant factor contributing to the decreased remyelination capacity in miR-223 KO mice. In particular, microglia adopting an M2 profile are critical for proper remyelination (188, 189). Thus, when targeting miR-223 in MS, it is important to keep in mind the different implications of such therapy.

miR-155 has drawn a lot of attention for its possible role in MS as detailed in a recent review (190). miR-155 has been shown to be upregulated in active MS lesions (179) as well as in CD14+ monocytes isolated from the blood of RR-MS patients compared to control donors (191). While miR-223 expression is limited to myeloid cells, multiple immune cell populations express miR-155 such as B cells, T cells, macrophages and DCs (192). miR-155 is found at low levels in both myeloid and lymphoid cells, but its expression is upregulated following cellular activation via antigen, Toll-like Receptor (TLR) ligands, and inflammatory cytokines. An important target of miR-155 is Src homology 2 (SH2)-domain containing inositol-5′-phosphatase 1 (SHIP-1) (193). SHIP-1 is an enzyme that inhibits phosphoinositide 3-kinase (PI3K) activity, which governs cellular responses to multiple stimuli, cell proliferation and cell survival (194). Thus, it is believed that miR-155 dysregulation would have critical consequences. Indeed, forced expression of miR-155 in hematopoietic stem cells by a retroviral vector leads to severe splenomegaly as well as increased myeloid cell populations in the bone marrow and in circulation (195). In addition, it has been reported that in absence of miR-155, mice displayed altered immune responses to infectious agents, due to defective functions of B cells, T cells, and DCs (196). Focusing on myeloid populations, it was shown that DCs lacking miR-155 are less competent at inducing antigen-specific T cell activation (196). More recently, it was demonstrated that overexpression of miR-155 in DCs is a critical event that is alone sufficient to break self-tolerance in an animal model of diabetes, and promote a CD8-mediated autoimmune response in vivo (197). Human CD14+ monocytes and macrophages overexpressing miR-155 exhibit increased production of pro-inflammatory cytokines, including IL-1β, IL-6, and TNF, and decreased production of the anti-inflammatory cytokine IL-10 (198).

miR-155-deficient mice display a delayed course and reduced severity of clinical symptoms of EAE (199, 200). Decreased disease severity in miR-155−/− mice was associated with reduced TH1 and TH17 responses. In addition to the direct effect on T cells, it was also shown that the decreased ability of miR-155 KO mice to mount inflammatory T cell responses was linked to DCs secreting less cytokines critical for driving TH1 and TH17 responses, mainly IL-1β, IL-6, IL-12, IL-23, and TNF (199). miR-155 is induced in macrophages and DCs after exposure to a variety of inflammatory cytokines such as IFN-β, IFN-γ, and TNF-α (199, 201). It is thus possible to speculate that following the first wave of inflammation, these myeloid APCs upregulate miR-155 leading to an accentuation of the inflammatory response. In addition, more recently, it has been demonstrated that miR-155 plays an essential role in driving the inflammatory phenotype of M1 macrophages (202), which would also impact the severity of the disease. Lastly, treatment with a miR-155 inhibitor after EAE onset reduced the clinical disease severity (199). Considering the important role of miR-155 in driving inflammatory responses in general, and specifically in myeloid APCs, fine tuning the expression of this miRNA in MS would most certainly prompt beneficial results in terms of slowing the inflammatory loop. It is noteworthy that miR-155 is the most consistent miRNA found to be upregulated in MS being reported in eight independent studies (203).

A third miRNA that has been shown to regulate myeloid cell activation is miR-146a. Like miR-155, miR-146a is upregulated following cell stimulation and its induction is NF-κB dependent (204). However, contrary to miR-223 and miR-155, miR-146a represses inflammatory responses by targeting two adapter proteins, TNF receptor–associated factor 6 (TRAF6) and IL-1 receptor-associated kinase 1 (IRAK1), that are crucial for pro-inflammatory signaling (204). miR-146a KO mice develop a spontaneous autoimmune disorder, characterized by splenomegaly, lymphadenopathy, and multiorgan inflammation (205, 206). In addition, miR-146a KO mice display excessive production of myeloid cells and develop flank tumors in their secondary lymphoid organs. Consistent with the repression of inflammation, miR-146a expression promotes M2-Macrophage polarization by targeting Notch-1 (207). Multiple studies have indicated that miR-146a plays pivotal roles in the pathogenesis of several autoimmune diseases, such as systemic lupus erythematosus, rheumatoid arthritis, and Sjögren's syndrome (208). In MS, miR-146a is upregulated in active lesions (179), as well as in PBMCs of RRMS patients (209, 210). Expression of miR-146a is reported to be significantly downregulated in glatiramer acetate treated RRMS patients (210). Logically, upregulation of this miRNA would seem to be beneficial in reducing the ongoing inflammation observed in MS patients leading to the possibility that the upregulation observed in MS patients is the result of the ongoing inflammation rather than a pathological expression. However, when studied in animal models of MS, there was no consensus on the suppressive effects of miR-146a. One study using the Cuprizone-induced demyelination model found that miR-146a-deficient mice displayed reduced inflammatory responses, demyelination, axonal loss, and numbers of infiltrating macrophages compared to WT controls (211). However, a second study found that miR-146a-deficient mice developed more severe EAE characterized by exaggerated TH17 responses (212), going along the possible beneficial effect of upregulation of this miRNA in MS. More recently, it was shown that miR-146a mimic treatment of mice with RR-EAE at day 14 improved neurological function, increased the number of newly generated oligodendrocytes, which may facilitate remyelination in the CNS (213). In addition, the treatment increased the number of regulatory M2 macrophages while reducing the number of pro-inflammatory M1 macrophages (213).

Currently, targeting miRNAs is a challenge since they control a myriad of immune and non-immune related functions. However, there is a strong interest in pursuing this approach, not only in MS, but also in many different diseases. Identification of technology to target miRNAs in a cell specific manner would appear to be the desired way to safely and effectively employ this targeting strategy. In the meantime, an abundance of researchers are also exploring the use of miRNAs as biomarkers of diseases pathogenesis and therapy.



TARGETING IMMUNOLOGICAL ACTIVITY OF MYELOID CELLS

The final strategy we will discuss is the use of nanoparticles to target myeloid cells for disease therapy which has been pioneered in our laboratory. In the recent past, many studies have focused on characterizing the ability of nanoparticles to modulate immune responses and ultimately to be used as potential therapeutics for immune-related diseases. Here we will focus on the “carboxylated” poly(lactic-co-glycolic acid) (PLGA) nanoparticles, which are particles without any protein or peptide attached to the surface or encapsulated inside. Phagocytic cells have the extraordinary ability to engulf dead cells, invading microbes and other particles, and this property of phagocyte cells led to the idea of using carriers such as apoptotic cells (214–216), liposomes (217), extracellular vesicles (218), or nanoparticles (219–223) to deliver molecules to modify the immune response. We will restrict our discussion to the use carboxylated PLGA nanoparticles for the modulation of inflammatory monocytes for treatment of CNS inflammation for multiple reasons. Firstly, they can be easily manufactured under GMP conditions. Secondly, they more specifically target inflammatory monocytes by their affinity of binding via the macrophage receptor of collagenous structure (MARCO) (224) as compared to liposomes and extracellular vesicles. Thirdly, they directly carry out immune-modulatory effects on monocytes without the need for add-on agents such as would be required with liposomes. Lastly, they have been proven to be safe and efficacious for use in celiac disease patients treated via intravenous infusion of gliadin encapsulating PLGA nanoparticles for induction of immune tolerance in a phase 1/2a clinical trial (225).

Nanoparticles have diameters between 1 and 1,500 nm. Smaller particles (<100 nm) are able to cross tissue barriers and traffic directly to the lymph nodes. Larger particles (>100 nm) require uptake by phagocytic cells (226). Nanoparticles administered subcutaneously or intradermally may be taken up by tissue resident APCs or their precursor cells and are ultimately transported to the draining lymph nodes. Systemic administration of nanoparticles favors accumulation in the organs such as the spleen and liver (227). Also, the shape of nanoparticles dictates efficiency of uptake by phagocyte cells. For example, phagocyte cells internalize spherical-shaped nanoparticles more easily than stretched-shaped structures (228). And although positively charged particles are taken up more avidly, negatively charged particles have been shown to exhibit lower toxicity (229–232). Nanoparticles can be made from different materials, metallic (e.g., silver, gold, and copper), magnetic (e.g., iron) (useful for imaging), ceramic, carbon-based, silica, lipid-based, or polymeric such as poly(amino acids), polysaccharides and poly(alpha-hydroxy acids).

Our group was one of the first to test the ability of 500 nm non-biodegradable carboxylated polystyrene (PS) particles to modulate immune responses in inflammatory settings in vivo. Intravenous infusion of PS nanoparticles led to a reduction in trafficking of Ly6Chi inflammatory monocyte into the CNS and increased survival in a mouse model of West Nile virus (WNV) encephalitis (224). It was discovered that these inflammatory monocytes were redirected to the spleen of treated animals and resulted in a dramatic reduction of mortality in WNV-infected mice by preventing the release of a pro-inflammatory “cytokine storm” in the CNS. Robust anti-inflammatory effects induced by infusion of PS nanoparticles were also observed in other inflammatory diseases such as peritoneal inflammation and inflammatory bowel disease. To enhance the clinical relevance of the nanoparticle targeting approach, we next investigated the potential of biodegradable carboxylated PLGA nanoparticles for regulation of myeloid cell-dependent inflammation.

PLGA is one of the best characterized and most used biodegradable polymers. The hydrolysis of PLGA leads to metabolite monomers, lactic acid and glycolic acid. The two monomers are endogenous and easily metabolized by the body via the Krebs cycle. There is minimal systemic toxicity associated with the use of PLGA (233, 234). Because PLGA is a safe material, it has been approved by the United States Food and Drug Administration (FDA) and European Medicine Agency (EMA) in various drug delivery systems in humans. Indeed, PLGA can be engineered to deliver, alone or in any combination with small-molecule drugs, proteins, peptides, DNA, miRNAs, and even clustered regularly interspaced short palindromic repeat (CRISPR) (227).

We have shown that administration of negatively charged 500 nm PLGA nanoparticles resulted in reduced inflammatory monocytes accumulation and overall robust beneficial effects in disease severity in multiple mouse models of inflammatory disease such as EAE (224), SCI (235), TBI (236), myocardial infarction (237), and herpes simplex virus 1 infection of the cornea (238). The exact mechanisms behind immunomodulatory effects of PLGA therapy are still under investigation. However, in all these models, it has been shown PLGA particles are selectively recognized and bound by inflammatory monocytes. These monocytes undergo sequestration and eventual apoptosis in the spleen, culminating in reduced immune pathology at sites of inflammation. Phenotypic changes were also observed on DCs and macrophages in the inflammatory sites, showing decreased expression of activation markers such as MHC II and CD86. In the SCI study, PLGA nanoparticle administration led to reduced M1 macrophage polarization.

While our group has also shown that antigen (Ag)-coupled or encapsulated PLGA nanoparticles can have important immunomodulatory effects (220, 222, 224, 239), other strategies using PLGA nanoparticles have also been shown to regulate EAE (240). For example, Cappellano et al. showed that simultaneous subcutaneous injection of PLGA nanoparticles loaded with either MOG35−55 or IL-10 ameliorated the course of EAE (241). TGF-β, another immunoregulatory molecule, coupled to the surface of PLGA nanaopartlces containing PLP139−151 peptide were shown to improve the tolerogenic effect of Ag-PLGA nanoparticles (242). Another example is Maldonaldo et al. using PLGA nanoparticles loaded PLP139−151 together with rapamycin, an inhibitor of the mTOR pathway, and demonstrating that a single dose of these particles injected at the peak of disease were able to protect from relapses (243). Also, Pei et al. aimed to develop PLGA nanoparticles which function as a direct modulator of T cells, without the involvement of APCs (244). For that purpose, TGF-β1 encapsulated nanoparticles were coupled with target antigens for CD4 and CD8 T cells (MOG40−54/H-2Db-Ig dimer and MOG35−55/I-Ab multimer), regulatory molecules (anti-Fas and PD-L1-Fc) and a “self-marker” CD47-Fc (244). These particles were injected in EAE mice on day 8, 18, 28, and 38 after immunization with MOG35−55, and induced a significant reduction in EAE symptoms that lasted for more than 100 days. Moreover, the authors observed a decrease of TH1 and TH17 MOG35−55-specific cells as well as TC1 and TC17 MOG40−55-specific cells, an increase of regulatory T cells, inhibition of T cell proliferation and augmentation of T cell apoptosis in the spleen (244). In addition to regulating the immune response, PLGA nanoparticles have also been used as a transporter to help in the remyelination process. Indeed, Rittchen et al. encapsulated leukemia inhibitory factor (LIF), which is a cytokine known to promote oligodendrocyte maturation thus favoring remyelination (245). To specifically target oligodendrocytes, the LIF-PLGA nanoparticles were coupled with anti-NG2 antibodies. The authors showed that intra-lesion delivery of LIF-PLGA nanoparticles improved CNS remyelination increasing the percentage of remyelinated axons and their thickness (245).

In conclusion, the mechanism(s) of action of PLGA nanoparticles are still incompletely understood, but studies in multiple models have shown their capacity to limit inflammatory events by targeting inflammatory monocytes. PLGA nanoparticles can also be used as delivery vectors, like liposomes and extracellular vesicles. However, a critical advantage of carboxylated PLGA nanoparticles, as compared to liposomes and extracellular vesicles, is their ability to act directly to modulate the function and trafficking of inflammatory monocytes based on their ability to engage the MARCO scavenger receptor. Because of the safety record of PLGA nanoparticles, they can be easily translated into clinical use. In fact, Cour Pharmaceuticals successfully completed a Phase IIa clinical trial for celiac disease showing the safety and efficacy of systemic infusion of PLGA nanoparticles encapsulating gliadin for inducing gluten-specific immune tolerance in celiac disease patients undergoing oral gluten challenge. Takeda Pharmaceuticals has acquired the exclusive license for future development of this therapy for celiac and other GI diseases. Cour Pharmaceuticals is currently developing antigen encapsulating PLGA nanoparticle-based tolerance clinical programs for treatment of MS and peanut allergy and clinical programs using carboxylated “naked” PLGA nanoparticles targeting inflammatory monocytes for treatment of acute respiratory distress in COVID-19 infection and treatment of TBI.



CONCLUSIONS

The importance of peripheral myeloid cells in MS pathology is profound. There is an extensive presence of these cells and their products in MS lesions as well as in the CSF of MS patients. Studies in animal models of MS have clearly demonstrated the beneficial effects in targeting peripheral myeloid cells for the different forms of the disease. Multiple tools have now been developed targeting these cells including blockade of their migration to the CNS, their activation and cytokine production, their biological functions and their immunological activity (Figure 1). However, contrary to other inflammatory disorders, no drug is currently approved targeting specifically these cells in MS. Multiple pro-inflammatory cytokines including GM-CSF, IL-1β, IL-12, IL-23, M-CSF all represent potential MS therapeutic targets. Treatments targeting these cytokines have been shown to be well-tolerated and safe in patients for different diseases. Additionally, non-specific blockade of leukocyte entry to CNS using Natalizumab is beneficial in MS, however this carries the risk of severe side-effects from infections. However, specifically impeding the migration of myeloid cells would limit such adverse effects. CLEC12A, CCR1, CCR2, JAM-L, and Ninjurin-1 represent interesting options to inhibit CNS migration of peripheral myeloid cells. Altering the biological functions of myeloid cells via through miRNA modulation is an appealing strategy for treating MS and other chronic inflammatory diseases. miR-146a, miR-155, and miR-223 are all upregulated on myeloid cells from MS patients. Lastly, nanoparticles represent one of the most exciting new tools for regulating myeloid cell functions. The biodegradable PLGA particles are particularly interesting due to their approval by the FDA and EMA for use in humans, as well as their ability to regulate many different inflammatory disorders, even those that take place in the CNS.


[image: Figure 1]
FIGURE 1. Proposed mechanisms of peripheral myeloid cells in multiple sclerosis pathogenesis. (A) Chemokine receptors CCR1 and CCR2, as well as the adhesion molecules Ninjurin-1 and JAM-L, and the C-lectin receptor CLEC12A have all been shown to play important roles in myeloid cell migration from the periphery to the CNS. (B) Interactions between myeloid cells and CD4 T cells are critical to shape the type of immune response. These interactions take place in the periphery as well as in the CNS. Cytokines such as IL-1β, IL-12, and IL-23 produced by myeloid cells and GM-CSF produced by activated CD4 T cells are all attractive targets for MS therapy, playing critical roles in the CNS inflammation. (C) M-CSF (CSF-1)/IL-34 and GM-CSF (CSF-2) are upregulated during inflammation and control many different functions on myeloid cells such as differentiation, phagocytosis, chemotaxis, activation, polarization, and survival. Blockade of the receptors of these growth factors are intriguing therapeutic options in MS. (D) miRNAs have the ability to regulate the function of many cells, including myeloid cells. miR-223,−155, and−146a have all shown to be upregulated in MS lesions, and are expressed by myeloid cells. While miR-146a and miR-223 promote an M2 profile, miR-155 promotes an M1 profile from macrophages/microglia. However, expression of miR-223 and miR-155 by DCs induce the ability of these cells to promote a TH17 polarization. miR-155 also has the ability to promote a TH1 polarization when expressed by DCs. (E) Intravenous injection of PLGA nanoparticles are capture by MARCO+ myeloid cells leading these cells to be sequestered in the spleen, with some cells dying by apoptosis and other cells changing their profile toward an immunoregulatory phenotype.
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Neuroinflammation plays a crucial role in the development and progression of Alzheimer's disease (AD), in which activated microglia are found to be associated with neurodegeneration. However, there is limited evidence showing how neuroinflammation and activated microglia are directly linked to neurodegeneration in vivo. Besides, there are currently no effective anti-inflammatory drugs for AD. In this study, we report on an effective anti-inflammatory lipid, linoleic acid (LA) metabolite docosapentaenoic acid (DPAn-6) treatment of aged humanized EFAD mice with advanced AD pathology. We also report the associations of neuroinflammatory and/or activated microglial markers with neurodegeneration in vivo. First, we found that dietary LA reduced proinflammatory cytokines of IL1-β, IL-6, as well as mRNA expression of COX2 toward resolving neuroinflammation with an increase of IL-10 in adult AD models E3FAD and E4FAD mice. Brain fatty acid assays showed a five to six-fold increase in DPAn-6 by dietary LA, especially more in E4FAD mice, when compared to standard diet. Thus, we tested DPAn-6 in aged E4FAD mice. After DPAn-6 was administered to the E4FAD mice by oral gavage for three weeks, we found that DPAn-6 reduced microgliosis and mRNA expressions of inflammatory, microglial, and caspase markers. Further, DPAn-6 increased mRNA expressions of ADCYAP1, VGF, and neuronal pentraxin 2 in parallel, all of which were inversely correlated with inflammatory and microglial markers. Finally, both LA and DPAn-6 directly reduced mRNA expression of COX2 in amyloid-beta42 oligomer-challenged BV2 microglial cells. Together, these data indicated that DPAn-6 modulated neuroinflammatory responses toward resolution and improvement of neurodegeneration in the late stages of AD models.

Keywords: Alzheimer's disease, neuroinflammation, fatty acid, linoleic acid, docosapentaenoic acid, APOE, EFAD


INTRODUCTION

Neuroinflammation, derived from innate immune responses, is commonly characterized by the release of inflammatory cytokines from activated microglia. It substantially contributes to the pathogenesis and progression of Alzheimer's disease (AD) (1). The important role of neuroinflammation in AD is underscored by findings in recent years from human genome-wide association studies, whole-genome sequencing, and gene expression network analysis, which have uncovered common and rare genetic variants that are associated with AD. These genes are involved in innate immunity, implicating microglial genes in the development and progression of AD such as TREM2, CD33, TYROBP, and other disease-associated microglia genes (2–6). In addition, environmental factors also influence inflammatory responses that could contribute to neuroinflammation and pathologies of AD such as systemic infection, obesity, type 2 diabetes mellitus, coronary artery disease, trauma, and dietary habits (7). In AD, a sustained chronic neuroinflammatory response can not only be toxic to neurons but also decrease the capability of microglia to phagocytize or degrade Aβ, causing further exacerbation of AD pathologies. Thus, inhibition of inflammation by either effective anti-inflammatory drugs or limiting environmental risk factors could be an important preventive and therapeutic strategies for AD.

Epidemiological and animal studies have shown convincing evidence that nonsteroidal anti-inflammatory drug (NSAID) use is associated with risk reduction for AD in humans and AD pathology in animal models (8, 9). In an early longitudinal study of aging which included 1,686 participants, a 50% reduction of AD was associated with consistent NSAID consumption (10). In subsequent studies, more than 15 epidemiological studies have reported a consistent finding that the longer the NSAIDs were used prior to clinical diagnosis, the greater the sparing effect (8). NSAIDs are typically competitive inhibitors of cyclooxygenase (COX), the enzyme that mediates the bioconversion of arachidonic acid to inflammatory prostaglandins (PGs) (11). However, clinical trials with NSAIDs have generally not shown positive results for treating or preventing AD (12), suggesting the complexity of the inflammatory process in AD and a need to explore other effective anti-inflammatory or immunomodulatory agents.

Extensive studies have suggested that omega-6 arachidonic acid is primarily pro-inflammatory. However, long-chain omega-3 (n-3) polyunsaturated fatty acids (PUFAs), namely docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), as well as their enzymatically oxygenated mediators such as protectins, resolvins, and maresins have anti-inflammatory effects in AD (13–15). In many studies, the ratio of n-3 to n-6 has been often used as an index to reflect the relative abundance of n-3 PUFAs. The role of n-6 PUFAs has not been as well studied. It is typically considered pro-inflammatory although some n-6 PUFAs exhibit effects similar to n-3 PUFA in some studies (16). Therefore, we explored the role of dietary linoleic acid (LA) in neuroinflammation and investigated its possible anti-inflammatory mechanisms in AD models. Because the most altered CNS n-6 fatty acid metabolite on LA diet in EFAD mice was docosapentaenoic acid (DPAn-6) which can serve as a substrate for anti-inflammatory resolving lipid mediators, we tested the impact of daily direct gavage administration of DPAn-6 on neuroinflammation in late stages of a severe AD pathology model E4FAD (APOE4-TR+/+/5xFAD+/−) mice for three weeks, which carries human APOE4 targeted replacement (APOE4-TR+/+). We found that DPAn-6, a long-chain metabolite of LA, has anti-neuroinflammatory and neuroprotective effects in late stages of E4FAD mice. Our results provide the first evidence of DPAn-6 control of neuroinflammation in AD models.



MATERIALS AND METHODS

Ethics Statement—All animal experiments were conducted with the approval of the Animal Research Committee, University of California, Los Angeles and carried out with strict adherence to the current guidelines set out in the NIH Guide for the Care and Use of Laboratory Animals at the Association for Assessment and Accreditation of Laboratory Animal Care.


High Omega-6 (n-6) Linoleic Acid Diet in Adult E3FAD and E4FAD Mice

Since APOE4 is a strong genetic risk factor for AD (17), we used E3FAD and E4FAD mice for this study. These EFAD mice were originally obtained from Dr. Mary Jo Ladu (University Illinois, Chicago). They were made by crossing human APOE-target replace (APOE-TR+/+) mice on a C57/BL6 background with 5xFAD mice+/−(18). The 5xFAD transgenic mice developed amyloid plaques at the age of 2-month old and markedly over-produce human Aβ42 (19), the most abundant peptide found in AD amyloid plaque pathology. In EFAD mice, Aβ deposition was delayed by about 4 months compared to 5xFAD mice (20). E4FAD mice, analogous to human APOE4-carriers, have more accelerated AD pathology than E3FAD mice (20). In addition, APOE4-TR mice have impaired lipid metabolism (21). In this study, we tested whether high n-6 linoleic acid (LA) diet has a different impact on APOE isoforms with E3FAD and E4FAD mice. The EFAD mice of both sexes were raised on a standard diet (ST, Purina 5015 breeder chow; Purina Mills, St. Louis, MO) until 3–4-months. then, the mice were split into two groups. Two groups (high LA diet, n = 8/per group, 5 females, 3 males for both E3FAD and E4FAD mice, respectively) were switched to LA-enriched diet using safflower oil that delivered 4.86% of LA or 6% of total fat in mouse food diet (weight/weight) (Harlan Teklad, Madison, WI) for 4 months. The other two groups (ST diet, n = 9/per group, 5 females, 4 males for both E3FAD and E4FAD mice, respectively) remained on ST diet (5015 breeder chow) as controls.



Administration of n-6 Docosapentaenoic Acid (DPAn-6) by Oral Gavage to Aged E4FAD Mice

In the high LA diet experiment, we found that a high LA diet increased its metabolite docosapentaenoic acid (DPAn-6) in the brain, which was increased more in E4FAD mice than in E3FAD mice. Thus, we further tested whether DPAn-6 per se had a treatment effect in aged E4FAD mice. During this experiment, DPAn-6 was administrated daily by oral gavage to 12 to 14- months old E4FAD mice (n = 5, 3 females, 2 males) at 700 mg/Kg body weight for three weeks. They were then compared to age-matched control vehicle-treated mice (n = 7, 4 females, 3 males) that received oral gavage with vehicle containing 0.1% of antioxidants of alpha-tocopherol and 0.1% of palmitoyl ascorbic acid. These antioxidants provided to all groups were used to prevent the ex vivo lipid peroxidation of the DPAn-6 (ethyl ester) preparation. DPAn-6 was purchased from Nu-Chek Prep Inc.



Animal Brain Tissue Collection

At the end of the experiment, the mice were sacrificed under deep anesthesia and perfused by TBS buffer with protease and phosphatase inhibitors. Different brain regions were dissected from one hemisphere for biochemistry. The other brain hemisphere was fixed in 4% paraformaldehyde and sectioned for immunohistochemistry as previously described (22).



Brain Fatty Acid Analysis

Brain fatty acid analysis was conducted on the frontal cortex using the Folch method and gas chromatography with flame ionization detection as reported previously (23, 24).



Brain Proinflammatory Cytokines Assay

An MSD V-Plex cytokine panel assay was performed on brain hippocampal tissues using a 10-multi-spot 96 well plate according to the manufacturer's instructions. The assay is a multiplex sandwich immunoassay. Among the 10 capture antibodies, only interleukin 1 beta (IL-1β), interleukin 5, interleukin 6 (IL-6), interleukin 8, interleukin 10 (IL-10), and tumor necrosis alpha (TNFα) were reliably detected in hippocampus. Bovine serum albumin coating was used to reduce non-specific binding. Cytokine levels were measured using duplicate determinations for standards and samples and then analyzed by an MSD SECTOR Imager.



Immunohistochemical Staining, Light Microscopy, and Confocal Microscopy

Frozen formalin-fixed mouse brains were sectioned for coronal sections at a thickness of 12 μm, mounted on pre-cleaned and pre-coated Superfrost Plus slides (Fisher Scientific), dried overnight, and slides were stored in sealed boxes in a −20°C freezer for two more days to allow cold drying before use. For 3,3'-diaminobenzidine (DAB) staining, slides with sections were stained for Ionized calcium-binding adaptor molecule 1 (Iba1, Wako Chemicals USA, Inc., Richmond, VA) and evaluated by light microscopy. Stored slides with cryosections of mouse brain were removed from −20°C freezer, warmed to room temperature for 20 min, then steamed for 15 min in Unmasking Antigen Solution. Sections were quenched in 0.6% hydrogen peroxide with methanol for 30 min at room temperature and washed 3 times with TBS. After treating with 0.3% Triton X-100 in TBS for 10 min, sections were incubated in a blocking solution with 5% normal goat serum and 3% BSA in TBS at 37°C for one hour. Then the primary antibody (1:200 dilution) was added to sections, and they were incubated at 4°C overnight. Vector biotinylated goat anti-rabbit (BA-1000) antibody (1:1,200) was used with 1.5% normal goat serum and 3% bovine serum albumin (BSA) in TBS. Then sections were incubated in secondary antibody followed by VECTASTAIN ABC Elite Standard Kit (PK-6100, Vector Labs) at 37°C for one hour. Sections were developed using a Peroxidase/Diaminobezidiene Metal Enhance Substrate kit (Cat. 34065; Pierce, Rockford, IL.). The images were taken every 10 sections through the hippocampus and analyzed with ImageJ. First, the images of layers 4–6 of the temporal cortex are acquired in TIFF format at 10x magnification on a Leica digital MC170HD camera with 5M pixels, attached to a Nikon Eclipse E800 microscope. Then the macros for Image J are run. The first macro calibrates the image to micrometers and optical densities (OD) from 0 (white) to 2.6 (black), runs “RGB stack,” enhances contrast at saturation 0.2%, then smooths stacks and set threshold range for 1.65 to 2.55 OD. The second macro analyzes particles in the green channel slices, which best picks up the brown microglia images. Variables measured are “count” (# of particles in selected region), average particle size (μm2), percentage area, total area (all particle areas in field). Then the “summary clipboard” of average values are pasted into excel. The region of interest area (ROI) is calculated by (100*total area/%area). Cell density is expressed as cells/1000 μm2 and calculated by (Count/RO1).

For immunofluorescence staining, after additional slides with sections were removed from the freezer and allowed to equilibrate to room temperature, they were immersed in distilled water for 5 min followed by Vector antigen unmasking solution (cat# H-3300) and steamed for 15 min. After washing in Tris buffer solution (TBS); 0.3% triton X-100 in TBS for 10 min, sections were incubated at 37°C for one hour in blocking solution containing 5% normal goat serum and 3% BSA in TBS. Sections are incubated with the first primary antibody anti-caspase cleaved actin (fragment of actin or “Fractin”) at a dilution to 1: 100 at 4°C overnight, then followed by incubation with the secondary antibody tagged with a fluorescent dye (Red, Alexa Flour plus 594) at a dilution to 1:1200 at 37°C for one hour. Fractin antibody was developed in our lab to detect end-specific cleavage by caspase-3 or caspase-6 (25). Finally, sections were counterstained with DAPI dye to stain nuclei by VECTASHIELD Antifade Mounting Medium with DAPI. To minimize quenching of the signal, sections were stored in the dark during staining, and examined at The UCLA Confocal Microscopy Core using LEICA Confocal Microscope (SP2 1P-FCS) and then analyzed with NIH-Image public domain software ImageJ. The fluorescence macros were the same as above analyzing Iba1 except using “setAutoThreshold” (“Default dark”) and setThreshold (166, 255, “raw”).



RNA Purification and Library Preparation

Total RNA was isolated from mouse brain cortex tissue or harvested cultured cells using Ambion RNAqueous® phenol-free total RNA isolation kit with DNase treatment according to the manufacturer's instructions (Ambion Inc., Austin, Texas, USA). DNA libraries were prepared using KAPA mRNA (Roche) according to the manufacturer's instructions and sequenced on Hiseq3000 at the UCLA Technology Center for Genomics & Bioinformatics.



RNA-Sequencing (RNA-Seq) Processing and Analysis

RNA-Seq reads (generated using STAR quantmode) were aligned using STAR 2.5 (26) to the mouse reference genome ENSEMBL (version GRCm38.88) and read counts per gene “GeneCounts” were generated in a gtf file. Differential gene expression analysis was performed using the voom method that is designed to accommodate the mean-variance relationship of the transformed data using precision weights (Part of limma-voom method). Limma-voom is a widely used method for the RNA-Seq differential gene expression analysis (27). We defined a select subset of treatment-affected genes based on a two-tailed t-test (p < 0.05) (28) and whether these genes were decreased or increased by DPAn-6.



cDNA Synthesis and Quantitative Real-Time Reverse Transcription PCR (RT-PCR)

RETROscript™ first strand synthesis kit was used for reverse transcription of cDNA synthesis (Ambion Inc., Austin, Texas, USA). Gene mRNA levels of cyclooxygenase-2 (COX-2) and hypoxanthine guanine phosphoribosyl transferase (HPRT) were measured by RT-qPCR (TaqMan technology) in 384 well plates using an ABI 7900HT real-time PCR machine. Pre-designed TaqMan Rodent primers and probes were used for the assay (Thermo Fisher Scientific). The HPRT was used as an internal control to normalize the relative expression of COX-2.



Microglial BV2 Cell Culture and Treatments

Immortalized BV2 murine microglial cells were gifted from Dr. Monica J. Carson (University of California, Riverside). Cells were cultured in 6 well plates in Dulbecco's modified Eagle's medium (DMEM, Gibco-BRL, Grand Island, NY, USA) supplemented with 10% heat-inactivated fetal bovine serum (Gibco), 100 U/mL penicillin, 100 μg/mL streptomycin and 2 mM L-glutamine in a 5% CO2-humidified air environment incubator at 37°C. BV2 cells were pretreated with or without 50 μM of n-6 docosapentaenoic acid or linoleic acid in DMEM culture media with 2% serum for 24 h. The cells were then changed to a serum-free media of DMEM with or without 0.25 μM of Aβ42 oligomers for an additional one or four hours. Tocopherol acetate (10 μg/mL) was used as an antioxidant to prevent ex vivo lipid peroxidation for all groups including controls. At the end of the experiments, the BV2 cells were collected using a lysis buffer (provided in the Ambion RNAqueous® phenol-free total RNA isolation kit) for RNA extraction and analysis. COX-2 and HPRT mRNA expressions were measured by RT-qPCR as described above.



Statistical Analysis

Experimental data were presented as group means ± SEM. RNA-Seq expression unit was normalized as log counts per million (log CPM). RNA-Seq data distribution was assumed to be normal but this was not formally tested (29). Law et al. proposed the voom transformation to transform the count distribution to a distribution close to the normal distribution in RNA-Seq data analysis and demonstrated that using limma with the voom-transformed count data performed comparable to count-based RNA-Seq analysis methods, such as edgeR, DESeq, baySeq, and DSS (27, 30). Recent evaluation of the limma-voom method ranks it among the top performing RNA-Seq differential expression analysis tool, and Limma+voom is one of the most balanced software programs considering the precision, accuracy, and sensitivity that it delivers (31). In addition, the published methods article using limma-voom tutorial specifies that it does not require testing of transformed read counts for normality of the distribution (29). The voom transformation is a sample-specific transformation, defined as log-CPM (30). Two tailed Student t-test (unpaired) was used to compare two groups. One-way ANOVA was used to compare more than two groups using GraphPad Prism software. Experimental animals were coded. Experiments conduct, data collection, and analysis were performed with the experimenter blind to the assigned groups.




RESULTS


Impact of Omega-6 Linoleic Acid-Enriched Diet on Brain Polyunsaturated Fatty Acids in EFAD Mice

There are two essential classes of polyunsaturated fatty acid (PUFAs) that humans cannot synthesize. They must be obtained from food. One series is omega-3 (n-3) that begins with alpha linolenic acid (ALA, 18:3) which is used for the synthesis of long-chain n-3 PUFAs such as DHA and EPA, which can be metabolized to anti-inflammatory eicosanoids to reduce the risks for AD, cardiovascular diseases and other chronic inflammatory diseases (32–34). The other essential PUFA is n-6 linoleic acid (LA, 18:2) which is used for the synthesis of long-chain n-6 PUFAs. Physically both n-3 and n-6 PUFAs are important constituents of cell membranes influencing protein mobility while their enzymatically oxidized metabolites influence cellular function via membrane-bound receptors. The n-6 PUFAs have often been assumed to have a proinflammatory function but this has not been as extensively studied in CNS as n-3 PUFAs. To begin to understand whether a high LA diet had an impact on neuroinflammation locally in the brain, we evaluated whether high LA diet altered brain fatty acid composition. The fatty acids are expressed as % of total fatty acids. Table 1 shows that a high n-6 diet did not alter brain LA levels. However, it dramatically increased its metabolite, n-6 docosapentaenoic acid (DPAn-6, 343% in E3FAD, p < 0.0001; 574% in E4FAD, p < 0.0001) compared to standard diet (ST) diet in C57BL/6 mice. In contrast, the high n-6 diet only slightly increased arachidonic acid levels (ARA, 9.6% in E3FAD, p < 0.0001; 8.4% in E4FAD, p < 0.001) and docosatetraenoic acid (DTA, 20.9% in E3FAD, p < 0.0001; 25% in E4FAD, p < 0.0001). In addition, high LA diet also slightly reduced n-3 docosahexaenoic acid (DHA, 7.6% in E3FAD mice, p < 0.001; 12.8% in E4FAD mice, p < 0.0001) and dihomo-gamma-linoleic acid (DGLA, 25.1% in E3FAD, p < 0.0001; 33.3% in E4FAD, p < 0.0001). These data clearly indicate that a high LA diet affects the brain fatty acid content more in E4FAD mice than in E3FAD mice, possibly due to increased n-6 turnover by higher amyloid beta and inflammation-driven cytosolic phospholipases. These data also show that the brain level of DPAn-6 was significantly more increased than other PUFAs due to high LA intake in these EFAD mice while DHA showed a modest loss. As a result, we decided to study the impact of DPAn-6 on neuroinflammation in aged E4FAD mice. DPAn-6 (22:5n-6) has a similar structure to the n-3 DHA (22:6n-3), which also has 22 carbons and ≥ 3 double bonds; the main difference from DHA is the single carbon-carbon double bond at the Δ19 position.


Table 1. Polyunsaturated fatty acids (PUFAs) content in frontal cortex of EFAD mice.
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Modulation of Brain Pro-inflammatory Cytokines and Cytokine Receptors With Omega-6 Fatty Acids in EFAD Mice

To test whether a high linoleic acid (LA) diet had an impact on neuroinflammation in EFAD mice, we measured proinflammatory cytokines from brain hippocampal tissue with an MSD V-Plex multiplex ELISA kit panel. Surprisingly, we found that a high LA diet, which was initially predicted to increase pro-inflammatory arachidonic acid products and inflammation, actually significantly reduced several pro-inflammatory cytokines and increased anti-inflammatory cytokines. Figure 1 shows that high n-6 diet reduced brain pro-inflammatory cytokines IL-1β (p < 0.0001 in E3FAD, a trend p = 0.1 in E4FAD mice, Figure 1A) and IL-6 (p < 0.0001 in E3FAD, p < 0.05 in E4FAD mice, Figure 1B) compared to the standard (ST) diet in EFAD mice. TNF-α had no significant changes (p > 0.05, Figure 1C). Interestingly, the inflammation-resolving cytokine IL-10 was increased by high LA diet in both E3FAD (p < 0.05) and E4FAD mice (p < 0.001, Figure 1D). This data suggested that a high LA diet promoted resolution of neuroinflammation in EFAD mice.
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FIGURE 1. The high n-6 linoleic acid diet reduced brain hippocampal tissue pro-inflammatory cytokines in EFAD mice. (A) High linoleic acid (n-6 or LA) diet reduced brain pro-inflammatory cytokine IL-1β in E3FAD (p < 0.0001) and a trend in E4FAD mice (p = 0.1) compared to the EFAD mice on standard (ST) diet. (B) High n-6 diet reduced pro-inflammatory cytokine IL-6 in E3FAD (p < 0.0001) and E4FAD mice (p < 0.5). (C) High n-6 diet did not change pro-inflammatory cytokine TNF-α. (D) High n-6 diet increased the inflammation-resolving cytokine IL-10 in both E3FAD (p < 0.05) and E4FAD mice (p < 0.001). Data represent the mean ± SEM. Significance was determined by one-way ANOVA, *p < 0.05, ***p < 0.001, and ****p < 0.0001.


Because the high LA diet dramatically increased brain levels of DPAn-6 but did not alter the levels of LA in EFAD mice, we speculated that dietary LA's impact on neuroinflammation might be through its metabolite DPAn-6.

To understand the role of DPAn-6 in neuroinflammation, 12 to 14-month-old E4FAD mice were treated by oral gavage DPAn-6 for three weeks. Brain total RNA was extracted from the cortex for RNA sequencing (RNA-Seq) analysis. Our results show that DPAn-6 reduced mRNA expression of interleukin-1 receptor-like 2 (IL1RL2, p < 0.01, Figure 2A), interleukin 6 receptor alpha (IL6RA, p = 0.01, Figure 2B), IL6 signal transducer (IL6ST, p = 0.01, Figure 2C), tumor necrosis factor receptor 2 (TNFR2, p = 0.01, Figure 2D) and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL, also known as tumor necrosis factor superfamily, member 10 (TNFSF10), p < 0.05, Figure 2E). These inflammatory markers are significantly upregulated in the AD brain and implicated in the pathogenesis of many diseases. IL1RL2 is strongly expressed in the vicinity of Aβ plaques and neurofibrillary tangles in AD (35). IL-6 receptor (IL6RA) is upregulated in AD frontal and occipital cortex (36). IL6ST is a constituent of a cell-surface type I cytokine receptor complex required in the IL-6 signaling cascade that contributes to neuroinflammation in AD (36). High levels of TNFR1 and TNFR2 in CSF are associated with the conversion of mild cognitive impairment (MCI) to dementia (37). In addition, TNFR1 is required for Aβ-induced neuron death in mouse AD model brains (38). Interestingly, DPAn-6 also decreased IL-10 receptor beta (IL-10Rβ, p < 0.05, Figure 2F). IL-10 is a key component of anti-inflammatory signaling that inhibits proinflammatory responses to resolve inflammation in most early disease conditions (39). However, IL-10 is upregulated in AD brain and serum (40–42), and IL-10 knockout preserves synaptic integrity and mitigates cognitive disturbance in APP/PS1 mice (43). IL-10Rβ mRNA expression is also upregulated in AD patient brain detected by cDNA microarrays (44). Our data here suggest that DPAn-6 might modulate the neuroinflammatory response toward resolution and homeostasis from severe disease conditions. Consistently, DPAn-6 inhibited LPS-stimulated elevation of IL-1β and TNFα in human peripheral blood mononuclear cells and acute rat paw edema in vivo (45), providing similar direct evidence for the DPAn-6 modulation of inflammation toward resolution.
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FIGURE 2. DPAn-6 reduced mRNA expression of proinflammatory cytokine and cytokine receptors in the brain of aged E4FAD mice. In RNA-Seq data, (A) DPAn-6 reduced interleukin-1 receptor-like 2 (ILRL2, p < 0.01). (B) DPAn-6 reduced interleukin 6 receptor alpha (IL6RA, p = 0.01). (C) DPAn-6 reduced IL6 signal transducer (IL6ST, p = 0.01). (D) DPAn-6 reduced tumor necrosis factor receptor 2 (TNFR2, p = 0.01). (E) DPAn-6 reduced tumor necrosis factor-related apoptosis-inducing ligand (TRAIL, also known as tumor necrosis factor superfamily, member 10 (TNFSF10), p < 0.05)). (F) DPAn-6 decreased IL-10 receptor beta (IL-10Rß, p < 0.05). The RNA-Seq data were normalized by Count Per Million (CPM) and presented as Log2 expression. Data represent the mean ± SEM. Significance was determined using an unpaired, two-tailed Student's t-test, *p < 0.05, and **p < 0.01.




Attenuation of Microgliosis With DPAn-6 in Aged E4FAD Mice

Since microglia are primary CNS resident immune cells (46, 47) that consistently respond to Aβ deposits and/or neurodegeneration in AD to cause neuroinflammation and microgliosis (48), we further evaluated the impact of DPAn-6 on microglia. Figure 3 immunohistochemical staining of brain tissue sections with microglial marker Iba1 shows that DPAn-6 altered microglia morphology from overactive hypertrophied shapes toward small ramified morphology similar to functional “resting or surveillant microglia” (Figures 3A,B). DPAn-6 also quantitively reduced numbers of hypertrophied microglia and the size of activated microglial cells (p < 0.05, Figure 3C).
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FIGURE 3. DPAn-6 attenuated microgliosis and reduced mRNA expression of microglial markers in aged E4FAD mice. (A,B) Immunostaining for the microglial marker Iba1 showed that DPAn-6 altered microglia morphology from an overactive hypertrophied shape to small ramified cell shape. (C) Quantification showed reduction of numbers of hypertrophied microglia and cellular size of activated microglia by DPAn-6 (p < 0.05). (D–F) DPAn-6 suppressed microglial gene expressions of TMEM119 (p < 0.01, D), CD68 (p = 0.01, E), and TREM2 (p < 0.05, F) compared to controls (CTRL) on standard diet. (G–I) TREM2 was positively correlated with Iba1 (Aif1, p = 0.0002, R2 = 0.78, G), TMEM119 (p = 0.0002, R2 = 0.77, H), and CD68 (p = 0.0148, R2 = 0.46, I). (J–N) Activated microglial marker CD68 was positively corelated with IL1RL2 (p < 0.0001, R2 = 0.799, J), IL6RA (p = 0.0012, R2 = 0.667, K), IL6ST (p = 0.0001, R2 = 0.788, L), TNFR1 (p = 0.0028, R2 = 0.608, M), IL10Rß (p = 0.0011, R2 = 0.673, N). The RNA-Seq data were normalized by Count Per Million (CPM) and presented as Log2 expression. Data represents the mean ± SEM. Significance was determined using an unpaired, two-tailed Student's t-test, *p < 0.05, and **p < 0.01.


In support of the reduction of microgliosis, RNA-Seq data shows that DPAn-6 suppressed multiple innate immune specific microglial gene expression, including TMEM119 (p < 0.01, Figure 3D), CD68 (p = 0.01, Figure 3E) and TREM2 (p < 0.05, Figure 3F). Consistently, TREM2 was positively correlated with Iba1 (Aif1, p = 0.0002, R2 = 0.78, Figure 3G), TMEM119 (p = 0.0002, R2 = 0.77, Figure 3H) and CD68 (p = 0.0148, R2 = 0.46, Figure 3I). Iba1, expressed in both resting and activated microglia, had a trend toward reduction by DPAn-6 (p = 0.096, data not shown). Intriguingly, CD68, a specific marker for activated microglia in neuroinflammatory responses, was positively corelated with IL1RL2 (p < 0.0001, R2 = 0.799, Figure 3J), IL6RA (p = 0.0012, R2 = 0.667, Figure 3K), IL6ST (p = 0.0001, R2 = 0.788, Figure 3L), TNFR1 (p = 0.0028, R2 = 0.608, Figure 3M), and IL10Rβ (p = 0.0011, R2 = 0.673, Figure 3N). These data support coordinated gene upregulation in activated microglia and/or microgliosis with neuroinflammation in EFAD and their attenuation by DPAn-6 in aged E4FAD mice.



Improvements of Neurodegeneration and Neuroprotection With DPAn-6 in Aged E4FAD Mice

Since neurodegeneration can be mediated by neuroinflammation in AD (49), to understand whether DPAn-6 improves neurodegeneration and/or neuroprotective function from the reductions of neuroinflammation and microgliosis, we analyzed apoptotic, neurotrophic, and synaptic markers in RNA-Seq data. Caspase function has been well established in apoptosis, a major form of programmed cell death (50), and is implicated in neurodegeneration of AD (51). Figure 4 shows that DPAn-6 resulted in reduction of mRNA expression of apoptotic markers of caspase 2 (CASP2, a trend, p = 0.064, Figure 4A), caspase 6 (CASP6, p < 0.05, Figure 4B), and caspase 8 (CASP8, a trend, p = 0.057, Figure 4C) in aged E4FAD mice. Consistent with the reduction of caspases, caspase-cleaved action (Fractin) was also reduced by DPAn-6 quantified by immunofluorescent staining (p < 0.001, Figures 4D,E). In addition, activated microglial marker CD68 was positively correlated with CASP2 (p = 0.0274, R2 = 0.40, Figure 4F) and CASP8 (p = 0.0138, R2 = 0.47, Figure 4G), consistent with the view that neuroinflammation and microgliosis may play important roles in apoptosis.
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FIGURE 4. DPAn-6 reduced apoptosis in aged E4FAD mice. In RNA-Seq data, (A–C) DPAn-6 reduced gene expression of caspase 2 (CASP2, a trend p = 0.064, (A)), caspase 6 (CASP6, p < 0.05, (B)), and caspase 8 (CASP8, a trend p = 0.057, (C)) compared to controls (CTRL) on standard diet (ST). (D,E) Immunofluorescence staining revealed that DPAn-6 reduced caspase-cleaved fragment of actin (Fractin (red), D; p < 0.001, E). Nuclei were stained by DAPI (blue). (F,G) Activated microglial marker CD68 was positively correlated with CASP2 (p = 0.0274, R2 = 0.40, (F)) and CASP8 (p = 0.0138, R2 = 0.47, (G)). The RNA-Seq data were normalized by Counts Per Million (CPM) and presented as Log2 expression. Data represent the mean ± SEM. Significance was determined using an unpaired, two-tailed Student's t-test, *p < 0.05, and ***p < 0.001.


In addition, we found DPAn-6 increased gene expression of neurotrophins and synaptic markers. Our data show that DPAn-6 increased mRNA expression of adenylate cyclase activating polypeptide 1 (ADCYAP1, p < 0.0001, Figure 5A), VGF nerve growth factor (VGF, p < 0.01, Figure 5B) and excitatory synaptic marker neuronal pentraxin-2 (NPTX2, p < 0.001, Figure 5C). ADCYAP1 encodes pituitary adenylate cyclase-activating polypeptide 1, a hypophysiotropic hormone that functions as both neurotransmitter and neuromodulator in the brain. ADCYAP1 gene expression is reduced in multiple regions of the human AD brain (52). VGF is a neuroprotective neuropeptide that can be increased by BDNF and regulates synaptic plasticity, including NPTX2 (53). Multiple studies have demonstrated the downregulation of VGF in the AD brain, CSF, and plasma (54–62). NPTX2 (also called Narp, neuronal activity–regulated pentraxin) is selectively enriched at excitatory synapses and plays an essential role in excitatory synaptogenesis by clustering AMPA Receptors (63). NPTX2 is markedly reduced in the AD brain and CSF (64).
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FIGURE 5. DPAn-6 increased mRNA expression of ADCYAP1, VGF, and NPTX2, which were inversely correlated with activated microglia in aged E4FAD mice. In RNA-Seq data, (A-C) DPAn-6 significantly increased gene expressions of ADCYAP1 (p < 0.0001, A), VGF (p < 0.01, B), and NPTX2 (p < 0.001, C). (D–F) These neuronal markers were positively correlated with each other. ADCYAP1 was positively correlated with VGF (p = 0.0019, R2 = 0.635, D) and NPTX2 (p = 0.0029, R2 = 0.605, E). NPTX2 was positively correlated with VGF (p = 0.0003, R2 = 0.748, F). (G–I) The microglial activation marker CD68 is was inversely correlated with ADCYAP1 (p = 0.0003, R2 = 0.745, G), VGF (p = 0.0003, R2 = 0.742, H), and NPTX2 (p = 0.0084, R2 = 0.517, I). The RNA-Seq data were normalized by Count Per Million (CPM) and presented as Log2 expression. Data represent the mean ± SEM. Significance was determined using an unpaired, two-tailed Student's t-test, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


Furthermore, these genes were positively corelated among each other. However, they were inversely correlated with cytokines, cytokine receptors, activated microglia and apoptosis markers. Figures 5D–F shows positive correlations between ADCYAP1 and VGF (p = 0.0019, R2 = 0.635, Figure 5D), and NPTX2 (p = 0.0029, R2 = 0.605, Figure 5E). NPTX2 was positively corelated with VGF (p = 0.0003, R2 = 0.748, Figure 5F). Figures 5G–I reveals inverse correlations between CD68 and ADCYAP1 (p = 0.0003, R2 = 0.745, Figure 5G), VGF (p = 0.0003, R2 = 0.742, Figure 5H), and NPTX2 (p = 0.0084, R2 = 0.517, Figure 5I). Figures 6A–C show inverse correlations between IL1RL2 and ADCYAP1 (p = 0.0003, R2 = 0.738, Figure 6A), VGF (p = 0.0015, R2 = 0.653, Figure 6B), NPTX2 (p = 0.0019, R2 = 0.635, Figure 6C). Figures 6D,E display inverse correlations between IL6RA and ADCYAP1 (p = 0.0052, R2 = 0.559, Figure 6D), VGF (p < 0.0001, R2 = 0.817, Figure 6E). Figures 6F–H show inverse correlations between IL6ST and ADCYAP1 (p = 0.0053, R2 = 0.557, Figure 6F), VGF (p < 0.0001, R2 = 0.817, Figure 6G), and NPTX2 (p = 0.0026, R2 = 0.613, Figure 6H). Figures 6I–K show inverse correlations between TNFSF10/TRAIL and ADCYAP1 (p = 0.0082, R2 = 0.519, Figure 6I), VGF (p = 0.016, R2 = 0.456, Figure 6J), NPTX2 (p = 0.0109, R2 = 0.493, Figure 6K). Figures 6L,M show the inverse correlations between IL10Rβ and ADCYAP1 (p = 0.0093, R2 = 0.507, Figure 6I), VGF (p = 0.0153, R2 = 0.461, Figure 6M). Figures 6N,O show the inverse correlations between CASP2 and VGF (p = 0.0016, R2 = 0.646 Figure 6N), NPTX2 (p = 0.0032, R2 = 0.598, Figure 6O). Taken together, these data suggest that the reduction of neuroinflammation and microgliosis with DPAn-6 is associated with improvements in indices of neurodegeneration and the protective VGF>NPTX2 pathway.
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FIGURE 6. Correlation analysis of ADCYAP1, VGF, and NPTX2 with proinflammatory cytokines, cytokine receptors and caspases. In RNA-Seq data, (A–C). IL1RL2 was inversely correlated with ADCYAP1 (p = 0.0003, R2 = 0.738, A), VGF (p = 0.0015, R2 = 0.653, B), and NPTX2 (p = 0.0019, R2 = 0.635, C). (D,E) IL6RA was inversely correlated with ADCYAP1 (p = 0.0052, R2 = 0.559, D) and VGF (p < 0.0001, R2 = 0.817, E). (F–H) IL6ST was inversely correlated with ADCYAP1 (p = 0.0053, R2 = 0.557, F), VGF (p < 0.0001, R2 = 0.817, G), and NPTX2 (p = 0.0026, R2 = 0.613, H). (I–K) TNFAF10 was inversely correlated with ADCYAP1 (p = 0.0082, R2 = 0.519, I), VGF (p = 0.016, R2 = 0.456, J), and NPTX2 (p = 0.0109, R2 = 0.493, K). (L,M) IL10Rß was inversely correlated with ADCYAP1 (p = 0.0093, R2 = 0.507, L) and VGF (p = 0.0153, R2 = 0.461, M). (N,O) CASP2 was inversely correlated with VGF (p = 0.0016, R2 = 0.646 N) and NPTX2 (p = 0.0032, R2 = 0.598, O).




Suppression of Cyclooxygenases (COXs) With Omega-6 Fatty Acids in vivo and in vitro

A major negative concern with high n-6 linoleic acid (LA) intake has been the potential overproduction of eicosanoids derived from arachidonic acid metabolism via cyclooxygenases (COX) pathways, during which the inflammation is upregulated by eicosanoids. To test whether high LA diet influences COX, we measured brain COX2 mRNA expression by quantitative real-time RT-qPCR in EFAD mice fed with the high LA diet. Figure 7A shows that the high LA diet significantly suppressed COX2 mRNA expression in both E3FAD and E4FAD mice compared to standard (ST) diet (p < 0.0001). In the DPAn-6 experiment, DPAn-6 reduced COX1 gene expression in RNA-Seq data in aged E4FAD mice (p < 0.01, Figure 7B). COX1 elevation is more microglia-specific than COX-2 which is elevated in neurons in AD brains, so we measured the impact of DPA on COX-2 in a cultured microglial cell line. DPAn-6 inhibited Aβ42 oligomer-stimulated COX2 mRNA expression in cultured microglial BV2 cell lines in vitro measured by RT-qPCR. In this experiment, BV2 cells were pretreated with 50 μM of DPAn-6 or 50 μM of LA for 24 h followed by treatment with 0.25 μM of Aβ42 oligomers for an additional 1 or 4 h. We found that DPAn-6 inhibited Aβ42 oligomers-stimulated elevation of COX2 mRNA expression at both 1 and 4 h, compared to Aβ42 oligomer-challenged control group without DPAn-6 treatment (p < 0.01, Figures 7C,D). In contrast, LA only showed short-term protective effects at 1 h (p = 0.056, Figure 7C) but not at 4 h (p > 0.05, Figure 7D). These data indicate that high n-6 LA diet and DPAn-6 suppress, rather than increase, COX mRNA expression, thus providing one possible explanation for high n-6 fatty acids' prevention of neuroinflammation.
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FIGURE 7. Linoleic acid and DPAn-6 reduced cyclooxygenases (COXs) in EFAD mice and in Aβ42 oligomers-stimulated microglial BV2 cells. (A) A high LA diet reduced mRNA expression of COX2 in both E3FAD and E4FAD mice compared to standard (ST) diet (p < 0.0001) measured by RT-qPCR. (B) DPAn-6 reduced COX1 gene expression in RNA-Seq data (p < 0.01) in DPAn-6 treatment of aged E4FAD. (C,D) DPA n-6 inhibited Aβ42 oligomer-stimulated elevation of COX2 mRNA measured by RT-qPCR at 1 h and 4 h compared to the Aβ42 oligomer-stimulated cells without DPAn-6 treatment (p < 0.01, C,D). LA showed a trend for short-term protective effects at 1 h (p = 0.056, C) but not at 4 h (p > 0.05, D). Data represent the mean ± SEM. Significance was analyzed by one-way ANOVA (A,C,D) and an unpaired, two-tailed Student's t-test (B), **p < 0.01 and ****p < 0.0001.





DISCUSSION

For decades, omega-6 (n-6) polyunsaturated fatty acids (PUFAs) have been widely considered pro-inflammatory. However, in this study, we provide initial evidence that a high dietary n-6 linoleic acid (LA, 18:2n-6) or oral gavage of its metabolite n-6 docosapentaenoic acid (DPAn-6, 22:5n-6) actually promote resolution of neuroinflammation, suppressing microglia activation and cyclooxygenases (COXs), and improving indices of apoptotic neurodegeneration and the neuroprotective VGF pathway implicated in neurons in Alzheimer's disease (AD) model 5xFAD/APOE mice, including E3FAD and E4FAD mice.

Extensive studies have suggested that n-6 PUFAs are primarily pro-inflammatory because n-6 arachidonic acid (ARA, 20:4n-6) is a substrate for COX enzymes that produce prostaglandins, well-known important inflammatory mediators. While LA is a precursor of ARA, unexpectedly, here both dietary LA and oral gavage DPAn-6 reduced COX gene expression in AD models in vivo and in Aβ stimulated BV2 microglia in vitro (Figure 7). Our results are consistent with a study using LPS-stimulated human peripheral blood mononuclear cells where DPAn-6 also reduced COX-2 and the production of prostaglandin E2 (45). In fact, several studies have indicated that there is insufficient evidence supporting the common belief that high LA intake is harmful due to causing inflammation. A review paper that summarized 15 randomized controlled trials of dietary n-6 PUFAs (mainly LA), reported that none of the studies showed elevation of pro-inflammatory markers by n-6 PUFAs in healthy adult populations (65). Further, there is no conclusive evidence available regarding a safe upper limitation of LA intake (66). In addition, our data are also supported by clinical studies, in which high LA intake was associated with anti-inflammatory effects in healthy adults and in chronic inflammatory-related diseases such as allergic airway inflammation and periodontitis (16, 67–69). The underlying mechanisms remain unclear. Here we found that a high LA diet did not alter brain LA levels. Instead, it increased its metabolite DPAn-6 in the brain of AD models (Table 1), indicating LA could function through the very large percentage changes in its long chain metabolite, DPAn-6.

Although neuroinflammation plays a vital role in the development and progression of AD (70), we lack an effective treatment to control neuroinflammation relevant to AD. In human studies, n-6 PUFAs could have robust anti-neuroinflammatory effects toward resolution at both early and late disease stages as they do in our mouse AD models. In human, the neuroinflammatory phenotype occurs more robustly at earlier rather than later stages of AD (71). Consistent with human studies, we found that unlike adult 6–8-month-old E4FAD mice, the aged E4FAD mice display extremely low expression levels of IL-6, TNF, and IL-10, which were not even detectable in our RNA-seq data. IL-1 (IL1α and IL1ß) were barely detectable (Value of IL1α mRNA expression counts was 0.128~0.353, IL1ß was−1.68~−1.75, data not shown). This indicates that the elevation of these cytokines which can be detected at both the protein and mRNA level in younger animals was more pronounced at early rather than late stages of E4FAD mice. In human AD, pro-inflammatory cytokine levels also decline as the disease progresses, apparently reflecting a “tolerance” to the amyloid burden. This might explain why the reduction of neuroinflammation by NSAIDs has been ineffective in treating AD in clinical trials but repeatedly associates with reduced AD risk in epidemiological studies. Intriguingly, unlike NSAIDs, we found that DPAn-6 modulated neuroinflammation toward resolution in the late stage of aged E4FAD mice. DPAn-6 reduced mRNA expressions of IL1RL2, IL6RA, IL6ST, TNFR2, TRAIL, and IL10Rß (Figure 2), which are all significantly upregulated in AD brain (36, 37, 40, 42).

Microgliosis is one of the important pathological features of AD. We found that DPAn-6 attenuated microgliosis revealed by immunostaining. It also reduced gene expression of microglial markers of TMEM119, CD68, and TREM2 (Figure 3). TREM2 was correlated with Iba1, TMEM119, and CD68, consistent with TREM2 upregulation in specific phenotypes of disease or amyloid-associated microglia. TREM2 is a key player in the sustained-microglial expansion during aging (72) although its function is not yet fully understood. The genetic variants of TREM2 have been reported to increase AD risk (2, 3). TREM2 has been suggested as a receptor required for disease-associated microglia (DAM) (6). In support of this concept, TREM2 deficiency eliminates TREM2+ inflammatory macrophages and ameliorates pathology at later stages in AD mouse models (73). In addition, our data showed that the microglial activation marker CD68 was positively correlated with inflammatory markers of IL1RL1, IL6RA, IL6ST, TNFR1, and IL10Rß (Figure 3). Although numerous studies have demonstrated that activated microglia respond to phagocytosis of Aβ (74), however, after a prolonged period of activation, these activated microglia may decrease or lose their Aβ phagocytic capacity (75, 76). This may correlate with an Aβ “tolerant” phenotype that can be reversed by effective antibody therapies and treatments that reduce Aβ (77). Therefore, the improvement of microgliosis by DPAn-6 could improve microglial phagocytic function relevant to AD.

Furthermore, we found that DPAn-6 reduced gene expression of caspase 6 and trended to reduce caspase 2 and caspase 8 (Figure 4). These caspases are endoproteases that provide critical links in cell regulatory networks controlling inflammation and cell death, implicated in neurodegenerative diseases. Interestingly, the activated microglia marker CD68 was positively correlated with CASP2 and CASP8, indicating a close association of activated microglia with apoptosis in EFAD mice. DPAn-6 also reduced caspase-cleaved actin fragments (Fractin), further supporting DPAn-6 limiting apoptosis. In addition, DPAn-6 increased ADCYAP1 and the neurotrophic factor VGF as well as a known downstream excitatory synaptic protein marker, neuronal pentraxin 2 (NPTX2). They were inversely correlated with activated microglial marker CD68 (Figure 5), proinflammatory cytokine, cytokine receptors and apoptotic genes (Figure 6), consistent with a reciprocal relationship between a neurodegenerative “activated” microglial phenotype and the loss of excitatory synapses that occurs early in MCI.

In conclusion for this study, we found that n-6 fatty acid linoleic acid and its metabolite DPAn-6 can have robust anti-neuroinflammatory effects in vivo in AD models while linoleic acid may exert protective functions through increasing brain DPAn-6 levels. DPAn-6 by gavage reduced neuroinflammation, microgliosis, and apoptosis, and it improved neuroprotective gene expression in the late stage of our AD models with advanced AD pathology against the background of APOE4, a strong genetic risk factor for late-onset AD (Figure 8). These indicate that DPAn-6 could be a new potential anti-inflammatory lipid mediator for treating neuroinflammation in AD.


[image: Figure 8]
FIGURE 8. Schematic representation of omega-6 fatty acid docosapentaenoic acid (DPAn-6) positively resolving neuroinflammation in early and late stages of Alzheimer's disease (AD) models with the background of humanized APOE isoforms. In aging, MCI and early-stage AD, Aβ and other cellular debris can induce innate immune responses to activate microglia for phagocytosis (74). During this process, activated microglia release proinflammatory cytokines that can damage neurons if the response is not resolved adequately. Many studies have indicated that NSAIDs and other anti-inflammatory drugs, including COX2 inhibitors, can inhibit neuroinflammation in animal models (8, 9). However, clinical trials with these drugs have failed to date (12). Here we found that DPAn-6 resolved neuroinflammation in early-stage AD models, suggesting DPAn-6 may function similarly to NSAIDs. Further, with the progression of AD, sustainably activated microglia (overactivated microglia) may lose their phagocytotic function. These overactivated microglia may reduce expression of some known proinflammatory cytokines but sustain increases in cytokine receptors of IL1RL2, IL6RA, IL6ST, TNFR2, TRAIL, and IL10Rß (35–43), which may further damage neurons. Here we found that DPAn-6 suppressed the expression of these selected cytokines and cytokine receptors at late stages in the E4FAD model. It also improved toxicity evidenced by reductions of caspases and caspase-cleavage fragments. DPAn-6, which is normally produced in the liver and can be taken up by the brain in response to high n-6 diets, can resolve neuroinflammation at the late stage of AD models with advanced AD pathology in the background of APOE4 isoform, a strong genetic risk factor for AD.
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Aging of the central nervous system (CNS) is closely associated with chronic sterile low-grade inflammation in older organisms and related immune response. As an amplifier for neuro-inflammaging, immunosenescence remodels and deteriorates immune systems gradually with the passage of time, and finally contributes to severe outcomes like stroke, dementia and neurodegeneration in elderly adults. Cerebral small vessel disease (CSVD), one of the major causes of vascular dementia, has an intensive connection with the inflammatory response and immunosenescence plays a crucial role in the pathology of this disorder. In this review, we discuss the impact of immunosenescence on the development of CSVD and its underlying mechanism. Furthermore, the clinical practice significance of immunosenescence management and the diagnosis and treatment of CSVD will be also discussed.
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Introduction

Cerebral small vessel disease (CSVD), a considerable health care problem, contains a wide spectrum of cerebrovascular diseases that primarily affect capillaries, small arteries and small veins in the brain, and brings a serious hazard to aging societies (1). Arteriolosclerosis is the most popular and extensive subtype of CSVD and closely related to the overall health status of the body like aging and hypertension. Thus, such type is also called age-related and vascular risk-factor-related small vessel disease (2). Mounting evidence indicated that arteriolosclerosis is the major cause of ischemic stroke, intracerebral hemorrhage, dementia and raises mortality in elderly people, and the term CSVD in this review is majorly used to discuss arteriolosclerosis (3). The neurobiological basis of the underlying mechanism of CSVD is poorly understood now. However, chronic inflammation, induced by either immune cells or non-immune cells, is closely associated with the aging process of cerebral vessels and related brain metabolism and draws a substantial amount of attention. Therefore, it is of great potential and significance to investigate the role of immune response during aging in the development of CSVD and corresponding cerebral injury.

To better understand the immune system alteration during aging, the term “immunosenescence” raises and represents the deterioration of multiple immune cells and function change of key molecules like cytokines, chemokines and extracellular matrix components (4). It is renowned that immunity acts an emerging role in the pathological process of CSVD in elderly (5). The peripheral immune system, involving lymphocytes, cytokines and antibodies, contributes to the vascular disorganization, blood brain barrier (BBB) leakage and immune cells infiltration. Importantly, damaged cells suffer a special stage called senescence-associated secretory phenotype (SASP) from normal states to irreversible aging states. SASP could be found in infiltrated immune cells and residential cells, including endothelial cells, pericytes, neurons and glial cells during CSVD. All the components could form a complex regulatory network and play a crucial role in the pathophysiology of CSVD (6, 7). Actually, immunosenescence has a bidirectional impact on multiple disorders development, which often refers to immunosuppression or immune activation. Such pathological process tends to activate an immune response in CSVD and contribute to chronic low-grade inflammation in the CNS, named neuro-inflammaging.

Performing in-depth exploration of the cellular and molecular level of immunosenescence could help physicians and specialists to make a clinical decision and better predict the prognosis of CSVD patients. Through screening key molecules in pathways related to immunosenescence, a regulatory network and vital point target genes could be constructed and found. Specialists could focus on these key modules to build a prognostic model for CSVD patients and provide more precise clinical plan. In addition, drug development could be more time-saving and lower economic toxicity based on these fundamental researches. However, the contribution of immunosenescence in the initiation and progression of CSVD remains obscure and an unmet need for further exploration. This review focuses on the impact of immunosenescence on the development of CSVD and its underlying mechanism, and the meaning of immunosenescence management for CSVD in clinical practice is also discussed.



Immunosenescence is a Promising Amplifier for Neuro-Inflammaging

The concept of immunosenescence states the aging and functional decline throughout the whole immune system. It usually accompanies with a chronic low-grade inflammation status termed inflammaging whose pro-inflammatory mediates remarkably increase (8). This process not only involves the immune system, but tissues such as senescent endothelium, pericytes and adipose cells also. The immune system is composed of innate and adaptive parts, both of which dramatically change in the aging process (9).


Immune System Alterations in Aging Process

Both adaptive immunity and innate immunity undergo significant changes during the natural process of aging and consequently cause a series of physiological and molecular changes (Table 1). The cell transformation of lymphocytes, along with the antibody and cytokines secretion, represents the function of adaptive immunity while diminished function and phenotype shift towards proinflammatory subtype of macrophages mainly consist of the innate immunity alteration.


Table 1 | Summary of immune changes in immunosenescence.



The adaptive immune system contains cellular immunity and humoral immunity, composed of T cells and B cells in different subpopulations. According to the initial of lymphocytes, T cells origin from bone marrow, and then differentiate and mature in thymus. Later, these functional cells release into circulation and migrate to peripheral immune organs and tissues. Commonly, T cells can be subdivided into 4 subgroups based on their distinct function: helper T cell, cytotoxic T cell, regulatory T cell (Treg) and memory T cell. These subtypes participate in pathogen identification, cytokines secretion, immune memory, pathogen killing and immunoregulation, whose function was impaired at varying levels in immunosenescence process. Meanwhile, the cell counts of specific subtypes in functional immune organs including thymic and ratio of different T cell types, which is widely found, will also change in elderly. For example, the CD4 naïve T cells continuous decline with the thymic involution while the number of T cells still remains steady at the periphery via compensatory proliferation, resulting in the loss of diversity of T cell receptor (TCR) pool (10, 35). Besides, both the increase of the CD4/CD8 ratio and CD8+CD28- T cells was observed in elderly people (11, 36).

Great attention has been paid to uncover the underlying roles of some subtypes of T cells as more accurate and precise detecting method develops and clear definition has been made to these cell types. According to the recent studies, the T cell types that only account for a small part the total population may also make great sense and have tight connection with other cells or stromal components which could be also called microenvironment. It should be noted that the investigation on Tregs, a newly research hotspot in T lymphocytes, is still disputing. Some studies illustrate the downward number of both natural Tregs and induced Tregs in the aging process, while others found that the population of CD4+ Treg increased remarkably in immunosenescence (12, 13). Genetic and epigenetic modification also weakens the capacity of T cells (37). In all, complex cellular biological changes make the host susceptible to infection (37) and new technologies like single cell sequencing would discover a virgin land in this area and help researchers focus on the underlying mechanisms.

Senescent T cells could participate in inflammaging process as a double agent role, which is based on its immunosuppression function in the early stage and active function in late stage (38). First, loss of TCR function affects the contact of myeloid-derived suppressor cell (MDSC) responsible for inflammatory suppression (38, 39). In late stage, inflammatory suppression was impaired owing to the increase of CD8+CD28- Tregs because of their weaker inflammatory resolution and shorter lifespan compared with CD8+CD28+ Tregs (14). Thymic atrophy impairs the negative selection, contributing to increasing self-antigen-recognizing conventional T cells (15). The imbalance of T cell subtypes causes the disorder of inflammatory factor production such as interferon-inducible protein-10, interleukin (IL)-6 and IL-8, increasing with age and exacerbate the inflammaging state (16, 17). The DNA damage resulting from telomere attrition in senescent T cell activates the NF-κB pathway, contributing to consistent uplifting of pro-inflammatory mediators (38).

Similarly with T cells, the aging changes of B cells include the reduction of naïve B cells together with expansion of memory B cells (18, 19). Senescent B cells with altered B cell receptors and functions are associated with higher cytokines production and antibody presentation (40). Besides, B cells under chronic inflammatory simulation tend to produce proinflammatory cytokine and pathogenic antibodies (20).

The innate immune system consists of several physical barriers and various cells, including monocytes/macrophages, neutrophils, eosinophils, basophils, dendritic cells and innate-like lymphocytes like NK cells (41). Although less attention has been paid, transformation of innate immunity is earlier and stronger than adaptive immunity during the senescent process, indicating its crucial role in the natural aging and pathology.

Monocytes, macrophages, dendritic cells (DCs) and microglia are responsible to chemotaxis, phagocytosis, secretion and antigen presentation, but these functions decline in elderly individuals. Those over 55 turned out to have more peripheral monocytes with impaired chemotaxis and phagocytosis. Moreover, the inflammatory pathway and immune response of macrophages are downregulated and suppressed (21, 22). The number of myeloid DCs and monocyte precursors progressively decreases with increasing age, though the number of classical CD14+CD16- monocytes remains stable (27). A class of CD14+CD16+ monocyte subset, with downregulated expression of HLA-DR and CX3CR1, increases with age significantly (23, 24). Interestingly, some shifts result in the weaker defense ability, while other changes result in the permanent low-level inflammatory environment. The alteration of subtypes and upregulation of pro-inflammatory cytokine expression is present in both aging DCs and microglia, aggravating the inflammation in CNS (28–31). Besides, dysfunction of microRNA results in higher production of inflammatory cytokines such as IL-6, and reactive oxygen species (ROS), noted in both steady and active state of monocytes during aging (24–26).

Neutrophils, as an essential part of innate immunity performing cytotoxic effects and phagocytosis, are closely related to several inflammatory diseases. The function and lifespan of neutrophils are regulated by various cytokines: IL-2 prolongs the lifespan and promotes inflammation while tumor necrosis factor (TNF)-α induces the apoptosis. Senescent neutrophils show decreased phagocytic, chemotactic ability and ROS production while the adherent ability appears to remain still (38, 42). Although these changes result in down-regulation of the inflammatory response, the increased neutrophil generation enhances the inflammaging (43). Overexpression of PI3K results in the inaccurate migration of neutrophils and damages of normal tissues (43, 44). Besides, elevated level of IL-6 and IL-8 enhances neutrophils activation which would conversely affect inflammation outcome (45).

NK cells are differentiated from myeloid-lymphoid stem cells, and they perform unspecific killing function targeting abnormal cells like tumor cells, injured cells, and virus-infected cells via multiple cytotoxic effects. Commonly, senescent NK cells have weaker proliferative ability and larger cytotoxic subpopulation (33). When immune response initials, cytotoxicity of NK cells from elderly donors are weaker, which results from the alteration of receptors or production of enzymes (46). Further, NK cells were overactive in aging process via alteration of TLR function and shift of subtypes, and they act as effector in inflammaging (34).



Immunosenescence Plays an Important Role in Age-related CNS Disease

Immunosenescence is the core of various aged-related CNS diseases, including cerebral vessel diseases and degenerative neurological diseases. At the beginning of immunosenescence, senescent cells fail to be cleared, resulting in accumulation of abnormal cells and cell fragment and induction of SASP (47). On this basis, the systemic pro-inflammatory state damages brain tissue, which is worse owing to the pro-inflammatory mediators produced from SASP (Figure 1).




Figure 1 | The immunosenescence and inflammaging are interconnected. In immunosenescence, accumulation of senescent cells produce SASP, increased expression of inflammatory mediates of both immune cells and senescent cells and the insufficient downregulation of inflammation shift the body into the inflammaging state that results in further systemic inflammation and tissue damage, leading to several aged-related diseases.



Alzheimer’s disease (AD), the pathogenesis of which remains unknown, has a great connection with age. Most scientists believe in beta amyloid hypothesis that defines the deposition of β amyloid peptide (Aβ) as initiator, interrupting the cellular metabolism and eventually progressing into AD. Immunosenescence is also considered as a candidate mechanism of AD, because the accumulation of Aβ is closely associated with impaired clearance ability and cytotoxic effect of senescent microglia (48). Aβ deposition interacts with glial cells, pericytes, and neurons, modifies BBB and leads to immune cell infiltration (49). Those infiltrated cells and inflammatory mediators induce a proinflammatory environment around the lesion, which eventually leads to neuroinflammation and neurodegeneration (50, 51). Current study concluded that the systematic immune response also involves in the neuroinflammation for which there is a large amount of evidence suggesting a proinflammatory state in AD patient, which implicates the complicated influence of immunosenescence in this disease (50).

Parkinson’s disease (PD) is another common neurodegenerative disease in elderly that results from the degeneration of dopaminergic (DA) neurons in substantia nigra, leading to severe motor disorders. Mounting evidence suggested that oxidative stress and inflammation injure the DA neurons, in which microglia and astrocytes also play important roles (52–54). Early study suggests that humoral immunity targets DA neurons which promotes the neuroinflammation and neurodegeneration in PD patient, agreeing with the activated microglia and elevated cytokines observed in neurotoxin-based PD model (55, 56). The therapy that focuses on balance between pro- and anti-inflammation provides a promising therapeutic strategy of PD (57). Pharmacological inhibition of oxidation and inflammation reverses the function of monoaminergic synthesis, which also supports this idea (58).

Cerebral vascular disease is a class of disease involving brain vessels, including vasculitis, cerebral amyloid angiopathy, subacute arteriosclerotic encephalopathy and CSVD, some of which have been prone to be associated with immunosenescence and inflammaging (59, 60). There lies a gap in CSVD, which we will discuss in the next section.




Senescence of Immune Cells, Non-Immune Cells and BBB Dysfunction in Age-Related CSVD

With ever-increasing life expectancy worldwide, the number of individuals living in the community with age-related diseases, especially CSVD (ArCSVD), will increase (61). The main manifestations of ArCSVD include stroke, cognitive declines, gait disorder, psychiatric disorders and urinary incontinence, and its sequelae would impose a considerable burden on families and society. ArCSVD is significantly associated with risk factors like aging, arterial hypertension, smoking, diabetes mellitus, obstructive sleep apnea (62–64). Besides, ArCSVD mainly affects the small blood vessel of the cortex or medulla, including small arteries, arterioles, capillaries, venules and small veins. The initial pathological characteristics are endothelial proliferation, small vessel wall thicken and arterial disorganization, and then develop into arteriolosclerosis and lipohyalinosis, which underline the pathological basis of ArCSVD. From an imaging perspective, ArCSVD is characterized by features like lacunar infarcts, white matter hyperintensity, subcortical infarcts, cerebral microbleedings, perivascular spaces, intracerebral hemorrhage and cerebral atrophy (2, 65, 66). Unfortunately, pathological mechanisms of ArCSVD are incompletely understood yet. According to recent studies, immunosenescence roles in endothelial dysfunction and blood-brain barrier disorder earn sustainable attention, which seems to be the possible candidate for further study (67, 68) (Figure 2).




Figure 2 | The conceptual model of immunosenescence and inflammaging mechanism of CSVD. Immunosenescence and inflammaging affect both vascular function and BBB intactness that are keys of CSVD initiation. Cerebral vascular dysfunctions are various that further lead to pathological changes that can be found on neuroimaging and clinical features.




Senescence of Immune Cells

Immune cells senescence in the early stage of ArCSVD intrinsically suppresses normal immune response and as a result increases infection risk, whereas the subsequent SASP would produce proinflammatory cytokines, including IL-1β, IL-6, and IL-8, and consequently accelerate and aggravate endothelial injury and BBB leakage. Each subsets of immune cells display specific function of immunosenescence in ArCSVD.

As one important type of phagocytes, microglia take responsibility for removing injured or dead neurons, glial cells and debris of the myelin sheath in CNS. Meanwhile such cells also act as a stabilizer of CNS structure and maintain BBB integrity and promote injured tissue recovery (69). However, accumulating evidence confirmed that microglia would become senescent and dysfunction, most likely contributing to low-grade inflammation in CNS and aged-related neurodegenerative diseases (70, 71). From the perspective mechanisms, hypofunction of TREM2-DAP12 and CX3CL1-CX3CR1 axes plays a crucial role in the loss of phagocytosis and inflammatory modulation (30, 31). Senescent microglia suffers from the loss of responsiveness, migration and phagocytosis, leaving the accumulation of senescent cells and debris as a source of chronic inflammation that damage cerebrovascular structures and neurons (71, 72). Up-regulation of age-dependent inflammatory pathways are related to pro-inflammatory shift and increasing cytokine production of microglia (73, 74). The cross-talk among astrocytes, neutrophils, monocytes and macrophages, exacerbating the immune cell infiltration and inflammatory response consequently (75). In conclusion, senescent microglia activate inflammaging by tilting toward pro-inflammatory state, which is responsible for neuron degeneration and BBB leakage (76).

In case of infiltrated immune cells augmented in the early onset ArCSVD, including macrophages, neutrophils, T cells and NK cells, are responsible for the inflammation, endothelial dysfunction and ischemia of the area (77). As we mention above, the infiltration of senescent immune cells with increasing inflammatory mediates expression and altered function would aggravate the inflammation storm in regions of the lesion. ROS and other cytotoxic products from infiltrating immune cells enhance the oxidative stress of endothelial cells, resulting in further vessel tone dysfunction and vascular remodeling (78). While localized inflammation is a crucial damage to the brain, it is also essential that the peripheral immune response could aggravate the inflammation. According to a community-based study, systemic inflammation is related to white matter microstructural integrity among older adults (79). Furthermore, anti-endothelial antibodies were found in ArCSVD patients, implying the relationship between B cell activation and endothelial dysfunction (80).

Taken together, the senescence of immune cells have a strong connection with dysfunction of glia cells and endothelial cells. Non-immune cells under the damage of inflammatory environment finally become dysfunctional and promote the progress and development of ArCSVD.



Senescence of Non-Immune Cells

Senescent residential non-immune cells in CNS, including endothelial cells, astrocyte, pericytes, and oligodendrocytes, are also found to play crucial roles in destruction and dysfunction of BBB in ArCSVD. Moreover, these senescent cells can be recognized by immune cells and activate a further response.

Endothelium is an important system regulating vessel remodeling, vascular tone, balance of inflammatory and coagulation. Of note, it is a fact that endothelial dysfunction is attributed to be a key mechanism in ArCSVD (81). Apart from the increasing age, there is cogent evidence supporting that two interconnected mechanisms—cellular oxidative stress and low-grade inflammation — also contribute to endothelial senescence (82).

Endothelial dysfunction mainly reflects in vessel tone changes. Multiple factors are known as the contributor in vessel tone regulation, but eNOS-derived NO is usually considered to be the most important mechanism. NO plays an important role in relaxation of vascular smooth muscle cells and preservation of cerebral blood flow (82). The inhibitory effect of NO restrains platelets from aggregation and adhesion, and the release of platelet-derived growth factor that stimulates smooth muscle cell proliferation (83). Meanwhile, NO also prevents relating immune cells from activation of NF-κB and formation of inflammatory factors (84, 85). However, the changes of eNOS signaling on transcriptional and post-transcriptional level resulting from hypertension, angiotensin II and aging, suppress the function of eNOS by reducing NO synthesis (86–88). The loss of NO synthesis results in vessel tone disorder, reduces the cerebral blood flow, exacerbates oxidative stress and vulnerability of acute ischemia. Furthermore, there is a vicious cycle in the senescent endothelium (89). Activating TLR-NF-κB pathway results in subsequently cytokines production including IL-1α, IL-1β, IL-6, IL-8, IL-10, IL-12, TNF-α, and IFN-γ (25, 90, 91). Pro-inflammatory cytokines as well as the NF-κB protein induces the expression of NADPH oxidase, contributing to the increase production of ROS (92). These oxidative stress productions act as a positive feedback that increases NF-κB activity, meanwhile they also activate circulating and residential immune cells (89). Free radicals would impair NO production by causing eNOS uncoupling directly, the amplifying oxidative stress further worsening the dysregulation of NO production (93). Taken together, it’s trapping in a vicious cycle of oxidative stress and inflammation that progressively damage the endothelial function which consequently develops into cerebrovascular dysfunction.

Pathologically, senescent epithelium results in impairment of proliferation and angiogenesis, leading to abnormal vessel remodelling (94). Vessel rarefaction is commonly observed in hypertension and ArCSVD patient, suggesting the reduction of the blood vessel in tissues (95). Decreased density and length of capillary are found in the cerebral cortex of aging people. Moreover, morpho-functional changes of capillary bed of the cortex, reduction of external diameter, and increased wall-to-lumen ratio and resistance are found in hypertensive patients (96, 97). The consequences of cerebrovascular microstructure remodeling are ischemic changes in the regions supplied by the responsible blood vessels, showing as lacunar infarcts, white matter hyperintensity or perivascular space in imageology.

Pericytes are isolated contractile cells that regulate cerebral blood flow and maintain BBB (98). Pericytes participate in the formation of capillary basement membrane, while multiple signaling pathways between pericytes and astrocytes also exert an essential effect on BBB integrity (99, 100). Dysfunction of pericytes contributes to the aged-related cerebrovascular diseases. According to a current study, the loss of pericyte coverage is reported in aged mice, which may result from hypertensive induced oxidative stress (101). While another study found that the loss of pericyte in aging mice and attributed it to the glutamine pathway and ischemia as pericyte is sensitive to ischemia (102). Moreover, pericytes are also under the effect of inflammation. For example, some investigators observed increasing permeability of BBB resulting from IL-1β-induced pericytes, and come to the conclusion that dysfunction of pericytes and inflammation may damage the integrity of BBB (103). What’s more, loss of pericyte coverage reduces microcirculation, breaks down BBB, exacerbates oxidative stress and cause neurodegeneration, which is observed in an experiment of pericyte-deficient mice (99). Thus, pericyte dysfunction is a crucial part should not be neglected in ArCSVD.



Dysfunction of BBB

It is obvious that BBB disorder, on the basis of endothelial dysfunction and pericyte disorder, plays a critical role in ArCSVD. BBB is composed of basic membrane, astrocytes end feet, pericytes and endothelial cells with tight junction (68). The incidence of BBB leakage increases with risk factors like toxicity, trauma, age and hypertension, and such injury is mainly related to cell response induced by immunosenescence (104, 105). Although the pathophysiology of BBB is complicated and intricate, the major process nevertheless is recognized, and the most identical initiation is endothelial dysfunction whose commonest outcome is BBB.

In the context of cerebrovascular dysregulation, chronic exposition of high shear force leads to the alteration of the tight junction and increased permeability of BBB (106). As a result, immune cells and plasma components could enter the brain parenchyma and trigger sterile inflammation (107). Subsequently, oxidative stress and inflammatory cytokines induced by the immune cells aggravate the local inflammatory response and hinder the damage repair (85, 108). Furthermore, damage of other glial cells and its production of large quantities of inflammatory mediators and toxic substances could destroy the barrier system (109).

Accordingly, a broad range of pathophysiological changes in BBB disorder would finally contribute to white matter lesions and other secondary damage in CSVD while imaging shows a phenomenon termed as white matter hyperintensities (WMH) in the clinical context (110). The degree of BBB leakage is commonly assessed according to the signal of WMH – the greater the range of WMH, the more severe is the BBB leakage (111).




Candidate Markers of Immunosenescence in ArCSVD for Clinical Diagnosis

The clinical performance of ArCSVD is complicated and variable, and diagnosis of such disease relies on the imaging findings. However, imaging exists an inherent drawback that only the late stage patient whose injury is mostly irrecoverable could perform remarkable imaging manifestations, indicating an unmet need for developing one or more neo-markers for screening patients at early stage. Thereafter, immunosenescence is consist of a wide range of biomarkers alteration in the circulation system and shows its great potential in prediction of ArCSVD as a sensitive and accurate index available.

When ArCSVD initials and develops, multiple substances in circulation system experience drastic change. Inflammation-relative molecules, such as coding proteins and metabolites, have been the hotspot in this area. Several endothelial markers, involved in the activation of endothelial dysfunction and inflammation, were associated with the seriousness of CSVD, including neopterin, sICAM-1, and sVCAM-1 (112). Cytokines are another big family having great changes during the development of ArCSVD and divided into pro-inflammatory and anti-inflammatory subtypes based on their distinct functions. IL-6 and TNFα have raised great attention as their pro-inflammatory function in ArCSVD. The uplifting of serum IL-6 was usually observed in aged-related disease, and it was prone to be associated with the progression of ArCSVD (113). Other inflammatory factors, like TNF-α, were also increased in ArCSVD. It should be noted that the downward of anti-inflammatory cytokines also makes sense in ArCSVD as the newly discoveries in IL-10 (77, 114).

Obviously, patterns and related metabolites were also seriously affected by ArCSVD. The most significant changes are involving glycol metabolism, lipid metabolism, vitamin B and vitamin D metabolism pathways as what is tested in clinical practice. Glycosylated hemoglobin (HbA1c), low density lipoprotein (LDL), homocysteine (Hcy), 25-hydroxyvitamin D3 [25(OH)D3] stand for the representatives for the foregoing pathways and the first three substances significantly upregulates in ArCSVD while the last one as the sole protective factor decreases.

Immune cells also act a crucial role in ArCSVD and the detection of these cells helps physicians and specialists better predict this disease. The progressive remodeling of immune system displays as the shifts of cell subtypes, including NK cells, T cells and B cells subpopulations (115, 116). The diminishing of naïve T cell pool and increasing memory T cells may be the predictor of immunosenescence.

Today increasing evidence supports that non-coding RNAs have a great impact on development of ArCSVD. As the most well-known non-coding RNA, microRNAs have a more definitive function in a related area. MicroRNAs are a group of molecules that regulate the gene expression, mostly in a negative direction, and build a complicated interactive network in both pro- and anti-inflammatory pathways. Inflammation-associated microRNAs represent the conditions of immunosenescence such as MiR-126, MiR-146a, belonging to inflammatory pathway while also related to endothelial dysfunction, can be used for detection of ArCSVD (117, 118).



The Potential Rejuvenation Strategies to Prevent CSVD During Aging

Immunosenescence accelerates and exacerbates CSVD while CSVD conversely promotes senescence of either CNS resident cells or immune cells. Thereafter, it is meaningful to prevent CSVD by postponing the process of immunosenescence. As inflammation is the crucial part of immunosenescence that damage the structure and function of nervous system in ArCSVD patients, most studies focus on anti-inflammation treatment.

Targeting key immune cells can be a potential approach to prevent or improve ArCSVD. Selectively inhibiting the activation or cytokines secretion of microglia and macrophages is a potential method to prevent the overactive neuroinflammation (119). Some studies found that regulating the gene expression and altering the phenotypes of microglia diminished the inflammation and promoted the recovery by drugs or chemotactic factors (120, 121). Besides, regaining the loss functions of immune cells can be another approach to prevent excessive inflammation. To clear the senescent cells, enhancement of phagocytosis in macrophages and chemotaxis in other immune cells and impeding the overproduction of pro-inflammatory cytokines are out of urgent necessity (122). In addition, the differentiation of Tregs, as well as its enhanced anti-inflammatory features, could be a prospective way to delay the progress of ArCSVD. Overall, preventing ArCSVD is still at the preclinical stage and not currently accepted in patients. Prior to clinical manifestations, further studies are required for better understanding the mechanism of interaction between anti-inflammation and ArCSVD treatment.

Actually, clinical practitioners reach a common consensus that lifestyle interventions may be a considerable and effective approach to alleviating CNS damage. The lifestyle intervention is well tolerated and it contains the management of sleep, motion and diet. The risk factors like hypertension, hyperlipidemia, hyperglycemia should be also controlled as they can disturb both the metabolism and inflammaging (82, 123, 124). Nutrition supplement, such as zinc, docosahexaenoic acid, active vitamin D, mecobalamin and folic acid, is also beneficial to the control of inflammation and immune response (125).



Conclusion

CSVD is closely related to aging and little interest was shown in the contribution of immunity to CSVD according to previous studies. Nonetheless, the immunosenescence could be a prominent participator in the initiation and development of ArCSVD. So far, more studies should be carried out to further understand the association of immunosenescence and CSVD:(a) Whether the senescence of endothelia earlier than immunosenescence or not? (b) How immunosenescence disrupts blood-brain barrier step by step in this disease? (c) What should we do to uncover the specific targets connecting immunosenescence with CSVD under the rapid development of bioinformatic analysis and related technologies for sequencing? In all, the researchers take the responsibility to solve these questions and better transform the fundamental studies to the clinical practice.
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The incidence of autism spectrum disorders (ASD) and attention deficit hyperactivity disorder (ADHD), which frequently co-occur, are both rising. The causes of ASD and ADHD remain elusive, even as both appear to involve perturbation of the gut-brain-immune axis. CD103 is an integrin and E-cadherin receptor most prominently expressed on CD8 T cells that reside in gut, brain, and other tissues. CD103 deficiency is well-known to impair gut immunity and resident T cell function, but it's impact on neurodevelopmental disorders has not been examined. We show here that CD8 T cells influence neural progenitor cell function, and that CD103 modulates this impact both directly and potentially by controlling CD8 levels in brain. CD103 knockout (CD103KO) mice exhibited a variety of behavioral abnormalities, including superior cognitive performance coupled with repetitive behavior, aversion to novelty and social impairment in females, with hyperactivity with delayed learning in males. Brain protein markers in female and male CD103KOs coincided with known aspects of ASD and ADHD in humans, respectively. Surprisingly, CD103 deficiency also decreased age-related cognitive decline in both sexes, albeit by distinct means. Together, our findings reveal a novel role for CD103 in brain developmental function, and identify it as a unique factor linking ASD and ADHD etiology. Our data also introduce a new animal model of combined ASD and ADHD with associated cognitive benefits, and reveal potential therapeutic targets for these disorders and age-related cognitive decline.
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INTRODUCTION

A role for cellular immunity in neurodevelopmental disorders is suggested by prominent adaptive and innate immune abnormalities in autism, attention deficit, schizophrenia, and related conditions (1, 2). The specific contribution of adaptive cellular immunity to discrete neurodevelopmental conditions remains poorly defined, however, and discrete changes in cellular immune effectors have not been linked to particular neurodevelopmental disorder(s). Nevertheless, both autism spectrum disorders (ASD) and attention deficit hyperactivity disorder (ADHD) are associated with increases in adaptive immune (T) cell cytokines, specifically Th2-like cytokines (IL-4, IL-6, and/or IL-10), or decreases in Th2-like cytokines (IL-2 and/or IFNγ) (3, 4). In addition, the mucosal immune system has been particularly implicated in ASD, ADHD, and some learning disabilities (1, 2, 5–7).

The mucosal immune system is mediated by the action of particular subsets of innate and adaptive immune cells. Among the most prominent elements of the adaptive immune subcompartment are tissue-resident memory CD8 T cells derived from recent thymic emigrants that express the αE integrin (CD103) (8). In this context, CD103 is known to function as an E-cadherin receptor, facilitating T cell binding to epithelial cell surfaces and tissue entry across epithelial cell barriers such as gut and brain (8–10). Moreover, CD103 is in theory capable of modulating cadherin-mediated β-catenin activity, which critically regulates neuronal generation, function, and synaptic plasticity (11). In this context, T cell production and emigration to the general circulation coincides with critical milestones in higher brain development, including gliogenesis, synaptogenesis, and apoptosis (12, 13).

Autism spectrum and attention deficit disorders in particular result from abnormalities in the later stages of brain development such as socialization and executive functioning (1, 14). Moreover, these higher order brain functions are the first targets of neurodegeneration during aging and disease (15, 16). In theory, this makes autism, attention deficit disorder, and even neurodegeneration, particularly sensitive to the influence of tissue-resident and/or mucosal T cells. A direct impact of these cells on developmental signaling or behavioral consequences of late brain development is therefore possible but has yet to be demonstrated. This contrasts with the well-characterized cross-talk between central nervous and immune system signaling occurring via a variety of other mediators that include steroid hormones, cytokines, and those of the hypothalamic-pituitary-adrenal axis (17).

To examine this possibility, we validated the potential of CD103 expressed by CD8 T cells to modulate neural progenitor cell cycle entry and related signaling in vitro. We then monitored behavioral hallmarks of neurodevelopmental conditions in mice deficient for CD103, which are well-known to exhibit deficits in gut CD103+ immune cells (8, 18, 19). Following up on findings of autism spectrum- and attention deficit disorder-like behavioral characteristics in female and male CD103-deficient mice, respectively, we examined neuronal, synaptic, and transcriptional regulatory proteins in female and male CD103-deficient brains. Finally, we documented surprising protection from age-related cognitive loss in CD103-deficient mice generally. Our findings reveal a novel linked model of sex-disparate neurodevelopmental disorders from the same immunogenetic lesion, and suggest rationales for immune modulation in the treatment of ASD, ADHD, and age-related neurodegeneration.



MATERIALS AND METHODS


Animal Subjects

Female C57BL/6, B6.Foxn1 mice, and syngeneic CD103-knockout strains (Jackson Labs) were housed in a pathogen–free vivarium under standard conditions on a 12-h light/12-h dark cycle with food and water ad libitum. Animals were administered behavioral tests at 8–10 weeks and 14 months old. Cell derivation from donor mice (co-cultures) was randomized by pooling from >5 donors per experiment. Young (8–10 wk) and aged (14 months) male and female C57BL/6 and B6.CD103-knockout mice (n = 12 young; n = 7–8 aged) were used to study age-related cognitive decline. All animals were maintained in a pathogen-free facility under the Cedars-Sinai Department of Comparative Medicine, with prior breeding and genetic screening conducted at Jackson Laboratories (Bar Harbor, ME).



Tissue Processing (Brain, Spleen)

Brain and spleen was harvested from PBS-perfused mice. Brains were sectioned 1 mm to the right of the longitudinal fissure (midline). Right hemispheres were flash frozen in −80°C conditions for protein studies, followed by homogenization in Cell Lysis Buffer (Cell Signaling Technologies, MA), and centrifugation of nuclei. Cell lysates were separated into Triton soluble, Sarkosyl soluble and Sarkosyl insoluble fractions using sequential incubations of 10% (wt/V) salt sucrose solution and 1% (wt/v) sarkosyl Salt Sucrose Solution.



Flow Cytometry

Purified T cells stained with indicated antibodies were analyzed by three-color flow cytometry (FACScan II; BD Biosciences, San Jose, CA) to assess purity. Antibodies were incubated with whole-spleen single cell suspension in PBS with 5% FBS, on ice for 30 min, followed by a wash with the PBS with 5% FBS. 100,000–300,000 flow events were acquired.



Neural Progenitor Cell Isolation & Culture

C57BL/6J mice at E12, E18, and P0 were decapitated and brains removed from the cranium. Cortices were obtained and placed in calcium- and magnesium-free media. Meninges were removed and cells triturated with a fire-polished pipette. Cells were then spun at 600 g for 5 min and resuspended at 40,000 cells/ml in DMEM/F12 in the presence of 20 ng/ml bFGF (Sigma) or 50 ng/ml TGF-β (maximal concentration; Sigma), 2.5% penicillin/streptomycin (Gibco), and 1x B-27 (Gibco) and maintained at 37°C at 5% CO2. bFGF or TGF-∙ was added every 3 days and cells were passaged after 7 days. Single cell suspensions were generated by trituration of neurospheres in the presence of 0.05% Trypsin/EDTA for 15 min at 37°C and then pelleted at 600 g for 5 min. Trypsin/EDTA was removed and cells resuspended at low density (1,000 cells/ml) in 50% conditioned media/50% DMEM/F12 and passaged through a 20-μm mesh allowing for single cell isolation. Cells were then resuspended in DMEM/ F12 with 2.5% penicillin/streptomycin, and 1x B-27 and 20 ng/ml bFGF or 50 ng/ml TGF-∙ (maximal mitogenic concentrations). bFGF and TGF-∙ were added every day for up to 7 days. Cells were then collected and plated on poly-L-lysine-coated plates, in the presence of Neurobasal (Gibco) media with 5% penicillin/streptomycin, 200 mM L-glutamine, 25 mM L-glutamic acid and 1x B-27 and co-cultured with syngeneic C57BL/6J CD8 T cells.



NPC-CD8 T Cell Co-culture

C57BL/6J CD8 T cells were purified by MACS anti-CD8 affinity column, and >90% purity assessed by flow cytometry. Neural Progenitor Cells (NPCs) were plated at a density of 50,000 cells/ml in proliferation media (DMEM/F12, 1X B-27, 5 ng/ml bFGF, 5 ng/ml EGF) on adhesive substrate, poly-ornithine/fibronectin, along with purified CD8 T-cells with or without simultaneous activation with 1 mg anti-CD3ε plus anti-CD28 mAb (for direct stimulation of T cell receptor, plus co-receptor stimulation, respectively), at 50,000 cells/ml. On the third day after initial plating, cells were sorted by FACS for Nestin (NPC marker) or CD8 (T cell marker) positivity, exposed to Propridium Iodide, and analyzed by flow cytometry for cell-cycle status.



Western Blot

Triton-soluble cell lysates were electrophoretically separated on 12% Tris-HCl Precast Gels (Bio-Rad), and blotted onto 0.2 μm nitrocellulose. Membranes were blocked with BSA, incubated in sequential primary and secondary antibody dilutions for 1 h at room temperature with >3 washes, developed with enhanced chemiluminescence substrate (GE Healthcare Biosciences; Pittsburgh, PA), and exposed onto Amersham Hyperfilm (GE Healthcare Biosciences; Pittsburgh, PA).



Antibodies for Cultures, Flow Cytometry and Westerns

Free-floating brain sections (8–14 μm thick) were mounted onto slides and blocked for 1 h at RT. Sections were incubated at 4°C overnight with primary antibody in blocking solution (Dako, CA). Sections were rinsed 4x in PBS, and incubated 90 min in fluorochrome- or biotin-conjugated secondary antibody. Sections were washed, coverslipped, and mounted with ProLongGold anti-fade media with DAPI (Invitrogen). Bright-field and fluorescent images were obtained using a Zeiss AxioImagerZ1 with CCD camera (Carl Zeiss Micro imaging). Image analysis of micrographs was performed with ImageJ (NIH). Anti-CD103 antibody (BD 550259) was used at 1:500 for flow cytometry (FC) 1:1000 for Western blot (WB), and 1 mg/ml for co-cultures. Anti-CD4 antibody (BD Pharmingen 2.43 for FC; Abcam ab133616 for WB) was used at 1:50 for FC and 1:100 for WB. Due to marker size and insuitability of GAPDH, WB signal was normalized to that of β-actin (control housekeeping protein; clone AC-74, Sigma). Anti-GAPDH (oxidative metabolism enzyme; Abcam ab9485) was used at 1:500 for WB. Anti-NeuN antibody (Neuronal progenitor marker; Chemicon) was used at 1:100 for WB. Anti-CD3ε (T cell receptor signaling protein; BD Pharmingen clone 145-2C11) and anti-CD28 (T cell co-stimulatory protein; BD Pharmingen clone CD28.2) were used at 1 mg/ml each for co-cultures. Anti-CD8 (BD Pharmingen clone 53-6.72, for FC; Abcam ab4055 for WB) was used at 1:100 for FC and 1:1000 for WB. Antibodies to the synaptic proteins, Synaptophysin (SY48; Abcam ab8049) and Drebrin (M2F6; Abcam ab12350), and anti-eIF4E (translation initiation factor implicated in ASD; Y449; Abcam ab33768), were all used at 1:500 for WB. All secondary antibodies (HRP, Alexa Flour-488,−594,−647; Invitrogen) were used at 1:200 for IHC and 1:2000 for WB.



Behavioral Testing

The Open Field test was performed preceding other behavioral tests, at 2.5–3 months and again at 14 months of age. Barnes Maze testing was performed at 3 and 14 months of age. The order of behavioral tests was randomized by alternating control and treatment group animal runs. Tests were begun at the same time (+/−1.5 h) for tests run on more than 1 day, with early and late times alternated for inter-group randomization. For the Barnes maze, additional randomization of alternating escape compartment location between each animal per group, and between each of 3 daily training tests per animal, was employed.


Repetitive Grooming Test

Individual mice of each strain were first individually acclimated in a video-equipped cage for 10 min. Number of grooming sessions (>10 s between sessions) and total seconds spent grooming were determined by video surveillance at 10, 15, and 20 min after acclimation, in three sequential, 5-min recording sessions. CD103-deficient and wild-type C57BL/6 mice were randomly distributed during each testing run, with females and males tested on different days. Intra-strain and -sex grooming session numbers and total time spent grooming were not significantly different between any of the three recording sessions, and hence their metrics were combined by strain and sex exclusively.



Y-Maze Spontaneous Alternation (SA)

Y-Maze Alternation Test is used to assess working memory. Spontaneous alternation was measured by individually placing animals in one arm of a symmetric Y-maze made of opaque black acrylic (arms: 40 cm long, 4 cm wide; walls: 30 cm tall), and the sequence of arm entries and total number of entries recorded over a period of 8 min. Mice were tested for SA a single time only.



Barnes Maze (BM)

Barnes maze is a spatial-learning task that allows subjects to use spatial cues to locate a means of escape from a mildly aversive environment (i.e., the mice are required to use spatial cues to find an escape location). Mice were assessed for their ability to learn the location of an escape box over the course of 9 days in the BM apparatus. The escape hole is constant for each mouse over the five training days. Each mouse was tested three times per day (3 trials) for 4 days, followed by no testing for 2 days, and re-testing on day 7. A 35–60 min inter-trial interval separates each trial. Each trial began by placing one mouse inside a start box with a bottomless cube positioned centrally on the maze. After 30 s, the start box was lifted and the mouse was released from the start box to find the escape hole. Two fluorescent lights located on the ceiling or high above illuminate the testing room. Each trial lasted up to 4 min or until the mouse entered the escape box. The experimenter guided mice that failed to find the escape hole within 4 min, to the correct hole after each training test. Once the mouse entered the escape box, it was allowed to remain in the box for 1 min. Following the 7th day of testing, and never on the same day, mice were tested an additional 2-days, in which the escape box was placed in the reverse position on day 8, and replaced in the original position on day 9. The same exact testing procedure was applied to all mice in all groups. The maze and all compartments were cleaned thoroughly with isopropyl alcohol to remove any olfactory cues after each trial, and prior to each day of testing.



Open Field Test

The test was carried out in an Open Field apparatus made up of an open topped, clear Plexiglas box, measuring “16 x 16” and 15” high. Two rings of photobeams and optical sensors surrounded the box. The optical sensors were connected to a computer by way of an input matrix. Each mouse was placed into the box, and breaks in the beam interruptions automatically recorded and used as a measure of locomotor activity. Each mouse was tested in the box for a period of 30 min.



Social Approach Test

The Social Approach test (SAT) has been used to detect behavioral correlates of autism in mouse models (20, 21). The SAT apparatus consists of a 3 chamber system made of clear Plexiglas measuring ~20 × 40 cm per chamber. The test was conducted in 3 phases. In the first phase, the 3 chambers were separated with solid dividers. A subject mouse was placed in the center chamber and allowed to habituation to the apparatus for 5 min. After 5 min, a mouse unfamiliar to the subject mouse was placed into a small metal cage and placed into 1 of the two side chambers. An identical empty cage was placed into the adjacent side chamber and the dividers were removed. In phase 2, the subject mouse was allowed to explore all 3 chambers freely for 10 min. The duration of time that the subject mouse spent in the chamber containing the unfamiliar mouse and the duration of time it spends oriented toward the cage with its nose < ~2 cm from it is recorded by a trained observer blind to treatment condition. In phase 3, another unfamiliar mouse was placed into the previously empty cage. The subject mouse freely explored the apparatus for 10 min. The duration of time spent in contact or oriented toward the new cage containing the unfamiliar mouse compared to the cage with the original unfamiliar mouse was recorded by a trained observer blind to treatment condition. For internal consistency the unfamiliar stimulus mice were matched by strain, genotype, and sex.



Statistical Analysis

Quantification of area was analyzed in six to eight coronal sections from each individual, at 150-μm intervals (unless otherwise indicated), covering 900–1,200 μm of forebrain areas. Specific marker signal was captured with the same exposure time for each image and sections from each field of the specimen were imported into NIH Image J and analyzed as above. GraphPad Prism (version 5.0b; San Diego, CA, USA) was used to analyze the data using ANOVA and T-Tests with Welch's correction (no assumption of equal variance). In all histograms, average ± SEM is depicted. Pre-determined exclusions included sections or samples with no discernible background signal, and values within each group >2 standard deviations above or below the median/group.




Study Approval

All animal procedures were approved prior to performance by the Cedars-Sinai Institutional Animal Care and Use Committee.




RESULTS


CD8 T Cells and CD103 Modulate NPC Proliferation and β-Catenin Signaling

We initially combined cultured neural progenitor cells (NPCs) with CD8 T cells in overnight co-cultures and assessed cell cycle status in each cell population by flow cytometry (Figure 1A). While cell cycle entry of CD8 T cells was not significantly impacted by NPCs in such co-cultures, NPC cell cycle entry was increased nearly 10-fold by CD8 T cells (Figure 1B). In addition, pre-treatment with ST3Gal-II, a sialotransferase we showed preferentially impairs CD103+ CD8 T cell function (22) (Supplementary Figure 1), eliminated the CD8 T cell-mediated increase in S-phase NPC (Figure 1B). To explore a possible mechanism for this, we examined cleavage in NPCs of β-catenin, a downstream proliferation-modulating signal of the CD103 ligand E-cadherin, upon co-culture with CD8 T cells in the presence or absence of an anti-CD103 antibody (M290) capable of either blocking CD103 ligation or costimulating CD103+ T cells (23). As expected, addition of CD8 T cells induced increased β-catenin cleavage in NPCs (Figure 1C). More surprisingly, addition of anti-CD103 antibody, while inconsequential by itself, induced much more marked β-catenin cleavage when combined with CD8 T cells in co-culture (Figure 1C), notably resulting in a prominent low molecular weight β-catenin species associated with cell proliferation in inflamed and cancerous cells (24). Although it is formally possible that blocking CD103 ligation with the M290 antibody is responsible for the observed effects on NPC proliferation, we consider its co-stimulatory activity on CD103+ T cells a more likely explanation when considered together with cell cycle data. Alternatively, the low molecular weight β-catenin species seen on Westerns with M290 could mediate non-proliferative activities in cultured NPCs. In either case, our findings demonstrated CD103 involvement in CD8 T cell-mediated modulation of neurodevelopmental cell function, and as such justified examining neurodevelopmental behavioral consequences of CD103 deficiency in general.


[image: Figure 1]
FIGURE 1. CD103 modulates CD8 T cell-mediated neural progenitor cell status and CD8 content in brain. Neural progenitor cell (NPC) + CD8 T cell co-culture schematic (A); Percent S-phase of post-culture sorted NeuN+ NPCs but not CD8 T cells is significantly increased by co-culture (B); β-catenin cleavage products are increased in post-culture sorted NeuN+ NPCs by co-culture with unstimulated CD8 T cells, and further enhanced by addition of anti-CD103 mAb to co-cultures (C). CD103-deficient mice (CD103KO) exhibit expected decrease in splenic CD8 T cells (D) as well as brain CD8 (E,F) relative to age- and sex-matched wild-type C57BL/6 controls (WT). Co-culture data represent results compiled from 4 biological replicates; flow cytometry are representative of >4 independent mice per strain; Western data are representative of 2 independent experiments. *P < 0.05, **P < 0.01, by 2-sided T-Test in >4 biological replicates per sex per strain (normal distribution/P < 0.05 of data confirmed in Shapiro-Wilk test).




CD103-Deficiency Decreases CD8 Signal in Brain

CD103 deficiency is known to primarily affect subpopulations of T cells, including intraepithelial lymphocyte T cells and peripheral regulatory CD4 and CD8 T cells, but also a subset of dendritic cells in the gut mucosa and mesenteric lymph nodes (8, 25), We confirmed that CD8 T cells were the most prominent peripheral T cell population impacted in CD103-deficient mice (Figure 1D). CD103+ CD8 but not CD4 T cells are also known to populate mouse brain parenchyma (9, 10, 26). Our previous work indicated that counting CD8 T cells in disrupted brain tissue, either by flow cytometry or by immunofluorescence, resulted in high variability and low absolute numbers in our hands, consistent with the known propensity of resident-memory CD8 T cells in brain to die upon tissue disruption (26–28). In contrast, Western blot more accurately quantified independently established differences (i.e., age-related accumulation) in brain CD8 T cells (29, 30). We thus concluded that detection methods that do not rely on intact cell structure are superior to tissue staining for quantifying these cells in brain. Accordingly, we used Western blot to detect CD8 and verify the absence of CD4 signal in wild-type as well as CD103-deficient forebrain (Figures 1E,F). CD8 signal in CD103-deficient brain was about half that in wild-type (Figures 1E,F), consistent with the known ability of CD103 to facilitate CD8 T cell entry into brain (9, 10, 26). Notably, CD8 signal was reduced in both female and male CD103-deficient forebrain, but only reached significance in females (data not shown; 1.52 ± 0.64 WT vs. 0.496 ± 0.071 KO, P = 0.1584 in males; 1.284 ± 0.1 WT vs. 1.127 ± 0.087 KO, P = 0.0014 in females). Although this does not rule out an impact on other CD103+ immune cell subpopulations in brain, or alternative mechanisms such as greater protease sensitivity in CD103KO cells of any lineage, the reduction of CD8 signal in KO host brain is most consistent with the known ability of CD103 to facilitate brain entry/retention of the most prevalent CD103+, CD8 T cells.



CD103-Deficiency Promotes Hyperactivity and Learning Deficit in Males

Given the potential impact of CD103 on both immune and neural cells relevant to neurodevelopment, we examined behaviors associated with neurodevelopmental differences in CD103-deficient relative to wild-type mice to determine if the absence of CD103 conferred neurodevelopmental consequences. Behavioral tests included Open Field, for movement; Y-Maze/Spontaneous Alternation for novelty preference and/or learning and memory deficits; Self-Grooming for repetitive behavior differences; Novel Partner Preference for socialization differences; and Barnes Maze for learning and memory alone. Because neurodevelopmental differences can exhibit sex differences, all tests were conducted in females and males separately.

While no consistent movement difference was observed in Open Field by young (8–10 wk) CD103-deficient females, the males exhibited consistent hyperactivity relative to wild-type (Figure 2A). While this was expected to translate to superior performance of CD103-deficient males in subsequent time-dependent tests such as the Barnes Maze, this was not the case (Figures 2B,C). Indeed, CD103-deficient females not only outperformed their male counterparts for Barnes Maze latency, they also outperformed female wild-types during the training phase of the test (Figure 2B). Female CD103-deficient mice were equivalent to their wild-type counterparts after the 4-day training phase (Figure 2B), and in errors committed throughout the test (Figure 2C). By contrast, male CD103-deficient mice were slower than wild-type males in learning portions of the Barnes Maze (Figure 2B), but caught up after training, where they committed fewer errors than wild-type males (Figure 2C). Thus, CD103-deficent females were faster learners, and the males hyperactive with initially slower but trainable learning, compared to wild-type mice.


[image: Figure 2]
FIGURE 2. CD103-deficiency results in distinct movement and learning profiles in females and males. Open Field testing revealed overt hyperactivity in CD103-deficient (CD103KO) males exclusively (A), while Barnes Maze testing revealed initially slower learning in male CD103KOs, but intrinsically superior learning in female CD103KOs (B). Male CD103KOs eventually completed the maze as successfully as WT counterparts or female CD103KOs, in part because they committed fewer entry errors than either with training (C). Open Field testing was performed on 11 mice per sex per strain; Barnes Maze was performed on >10 mice per sex per strain. *P < 0.05 by 2-sided T-Test for individual test points; P < 0.005 for female and male CD103KO vs. WT latency test curves, and for CD103 vs. WT male entry error test curves, by ANOVA (normal distribution/P > 0.05 of data verified in Anderson-Darling, D'Agostino & Pearson, Shapiro-Wilk, and Kolmogorov-Smirnov tests).




CD103-Deficiency Promotes Distinct ASD- and ADHD-Like Behaviors in Females and Males
 
Spontaneous Alternation

The Y-maze quantifies the tendency of a mouse to choose a distinct path from the one it previously chose (deemed Spontaneous Alternation), and hence requires memory of its previous choice. It can thus be seen as a rough test for learning/memory, but is not as definitive as the Barnes Maze and other more specialized learning/memory tests. If learning/memory deficits are ruled out, for example, Y-maze measures intrinsic preference for novelty. Given these considerations, Y-maze might be expected to parallel the differential learning seen in CD103-deficient females and males. On the contrary, however, CD103-deficient females exhibited a significant reduction to random chance (50%) in Spontaneous Alternation in the Y-maze relative to wild-type females, whereas CD103-deficient males exhibited no such reduction relative to wild-type (Figure 3A). In light of their superior learning/memory in the Barnes Maze, this suggests that CD103-deficient females are averse to novelty, whereas the learning deficit seen in the Barnes Maze by CD103-deficient males did not appreciably impact Spontaneous Alternation.


[image: Figure 3]
FIGURE 3. Increased Spontaneous Alternation and Repetitive Grooming in CD103KO females. Y-maze revealed absence (50%) of Spontaneous Alternation (A), and markedly longer repetitive grooming (B) in CD103-deficient (KO) females exclusively. Tests were performed on 12 individual mice per strain per sex, with a single individual female per strain excluded as a statistical outlier (< 2 standard deviations below average). *P < 0.05 by 1-sided Mann Whitney test for Y-maze/Spontaneous Alternation (due to non-normal distribution/P < 0.05 of CD103KO data in Anderson-Darling, Shapiro-Wilk, and Kolmogorov-Smirnov tests); ***P < 0.005 by 2-sided T-Test for Grooming time (normal distribution/P > 0.05 of data verified in Anderson-Darling, D'Agostino & Pearson, Shapiro-Wilk, and Kolmogorov-Smirnov tests).




Self-Grooming & Socialization

Self-Grooming timing and incidence are classical metrics for repetitive behavior. While incidence of self-grooming episodes was not impacted by CD103-deficiency in either females or males, females spent about twice as long grooming as either male CD103-deficient or wild-types of either sex (Figure 3B). CD103-deficient females also showed equal preference for interacting with familiar and novel partners, which is opposite the trend seen in CD103-deficient males or wild-types of either sex, all of which spent more time interacting with novel partners – the normal pattern of socialization in mice (Figure 4). Male CD103-deficient mice did, however, tend to spend slightly more time interacting with familiar partners than did their wild-type counterparts (Figure 4). Thus, female CD103-deficient mice are superior learners, averse to novelty, more prone to at least one type of repetitive behavior, and socially impaired. Male CD103-deficient mice, by contrast, are hyperactive, are slow but unique learners, have normal preference for novelty and no increase in repetitive behavior, and socialization that differs subtly from normal but is generally unimpaired. These behavioral characteristic are grossly similar to autism spectrum disorder (ASD) in the females, and attention deficit hyperactivity disorder (ADHD) in the male CD103-deficient mice.


[image: Figure 4]
FIGURE 4. CD103-deficiency selectively alters socialization in females. Socialization test revealed expected preferential interaction with novel vs. familiar attractors in wild-type males and females, and male CD103-deficient. Female CD103-deficient mice exhibited no preference for novel vs. familiar, while CD103-deficient mice engaged in significantly fewer social contacts than wild-type with initial attractors. L contacts = contacts with initial (familiar) attractor; R contacts = contacts with 2nd (novel) attractor. Test was performed on >11 individual mice per sex per strain. *P < 0.05 by 2-sided T-Test in >9 individual mice per sex per strain, or in Mann-Whitney test (where non-normal distribution/P < 0.05 was verified by Anderson-Darling, D'Agostino & Pearson, and Shapiro-Wilk, tests, i.e., in comparisons with male L contacts; 2 attractors).





CD103-Deficient Mice Exhibit Disorder-Specific Brain Protein Modulation

ASD and ADHD are each characterized by neuropathological features that can be monitored by selected protein biomarkers. Human ASD, for example, exhibits increased synaptic density that can be reflected in increased synaptic relative to neuronal markers (31). In addition, increased oxidative stress in brain is characteristic of both ASD and ADHD in patients (32, 33), and can be reflected by down-regulation of oxidative metabolic proteins such as GAPDH (34). Moreover, overexpression of transcriptional regulatory proteins such as eIF4E are sufficient to promote verified ASD-like behaviors in mice (35, 36). To ensure correspondence of behaviors seen in CD103KO mice to human ASD and/or ADHD, as well as to identify possible mechanistic targets to modulate such behaviors, we therefore quantified NeuN, Drebrin, Synaptophysin, GAPDH, and eIF4E in separate female and male wt and CD103 cohorts. Both female and male CD103-deficient brains exhibited markedly decreased GAPDH with equal loading of cell lysates (Figures 5A,E). Since this protein is commonly used as a protein-loading control on Western blots, we used β-actin for protein controls instead (along with incidental IgH from secondary reagents for additional verification). The decrease in GAPDH in both female and male CD103-deficient brains reflects oxidative stress, and is consistent with this shared feature of ASD and ADHD. Drebrin (a synaptic protein), was also generally increased in CD103-deficient brains, although significantly so only in females (Figures 5A,B). No significant change was seen in NeuN (Figures 5A,C), nor in the synaptic protein, Synaptophysin, though the latter was incrementally increased in CD103-deficient brains (Figures 5A,D). The increased ratio of Drebrin to NeuN in females, however, suggests an increase in synaptic density exclusively in CD103-deficient females (Figures 5B,C), consistent with ASD neuropathology. Finally, levels of eIF4E, were significantly greater in CD103-deficient females than males, consistent with female-restricted ASD. Nevertheless, eIF4E was actually decreased in CD103-deficient males relative to wt (Figures 5A,F), revealing the possibility that its reduced expression may confer resistance to ASD-like behavioral symptoms. Thus, markers of brain oxidative stress and increased synaptic density validate correspondence of behaviors in CD103-deficient mice to human disorders, while the reduction in eIF4E suggests a potential molecular mechanism involved in sex-specific behavioral differences in CD103-deficent mice (i.e., reduced expression of an ASD-promoting protein precluding ASD-like symptoms in males).
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FIGURE 5. Selected protein markers in female and male CD103-deficient brain. Female and male forebrain from WT and CD103KO mice was homogenized and lysed in detergent, run on SDS PAGE gels, blotted and probed with the indicated antibodies (A). Relative signal was normalized to β-actin in the same gel/blot lane, and results compiled from >4 animals per sex per strain. +P < 0.1 by 1-sided Mann Whitney test for male Drebrin (due to non-normal distribution/P < 0.05 in Shapiro-Wilk test; B); *P < 0.05, ***P < 0.005 by 2- sided T-Test for NeuN (C), Synaptophysin (D), GAPDH (E), and eIF4E (F), which all had normal distribution/P > 0.05 of data verified in Shapiro-Wilk test.




CD103 Deficiency Reduces Age-Related Cognitive Decline in Males and Females

Human ASD has been reportedly associated with protection from some aspects of age-related cognitive loss (37, 38), although this linkage has not been established in experimental models of ASD. Moreover, CD103+ lymphocytes and CD8 T cells in particular accumulate in mouse and human brain with aging (30). We therefore examined cognitive decline in aging CD103-deficient mice to further verify the model's correspondence to human-specific features, as well as to determine if CD103 on immune cells represents a potential target to improve age-related cognitive decline. Aging CD103-deficient females developed severe cutaneous skin lesions due to repetitive scratching more frequently than males, although the difference in our small colony was not statistically significant. This ultimately led to veterinary staff mandating early euthanasia in more females than males. Due to this unequal mortality between sexes, we performed combined analysis of age-related cognitive decline in both sexes of CD103-deficient mice, with matched sex ratios in wild-type controls. Increased errors in the Barnes Maze is a prominent age-related change on the C57BL/6 genetic background (39). We thus examined this and other parameters of the Barnes Maze in 14 month-old (“aged”) CD103-deficient and wild-type (C57BL/6) mice, after Open Field testing for locomotion differences.

Aged CD103-deficient mice exhibited significantly reduced overall activity and rearing in Open Field, leading to our expectation that they would perform slower in Barnes Maze (Figure 6A). Remarkably, however, CD103-deficient mice exhibited maze latency times similar to age-matched wild-type counterparts in the training and memory retention phases (days 1–4, and day 7, respectively), although aged mice of either strain were consistently slower than younger counterparts (Figures 6B,C). In the last reversal phase of the test (days 9), however, aged CD103-deficient mice exhibited significantly faster latency than aged wild-type, which was similar to that of young mice of either strain (Figure 6D). Error analysis also revealed that CD103-deficient mice committed progressively fewer entry errors at later test phases (Figure 6E). Overall, this indicates that aged CD103-deficient mice are protected from prominent aspects of age-related cognitive decline revealed in the Barnes Maze, while they appear somewhat more sensitive to age-related changes in activity. Behavioral data in CD103-deficient females and males is compiled in Table 1.


[image: Figure 6]
FIGURE 6. CD103 deficiency reduces age-related cognitive decline in males and females. All aged (14 mos old) mice exhibited substantially reduced locomotion and rearing relative to young (10 wk old) mice (statistics not shown; P < 0.01). Aged CD103KO mice also exhibited significantly decreased locomotion and rearing in Open Field than wild-type mice (A). Barnes Maze testing revealed equivalent latency in aged CD103KO relative to aged WT during training [days 1–4; (B)] and memory retention phases of the test [day 7; (C)]. At reversal phases (day 8, 9) aged CD103KOs surprisingly exhibited latency similar to young mice irrespective of strain, whereas aged wild-type had significantly higher latency (D). Aged CD103KOs also exhibited markedly reduced entry errors than aged wild-type at both memory retention and reversal phases of the test (E). WT and CD103KO groups contained equal proportions of females and males (n = 3 and 7, respectively). *P < 0.05, **P < 0.01, ***P < 0.005 by 2-sided T-Test for individual test points (normal distribution/P > 0.05 of data verified in Anderson-Darling, D'Agostino & Pearson, Shapiro-Wilk, and Kolmogorov-Smirnov tests).



Table 1. Behavioral summary of CD103KO mice by age and sex.
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DISCUSSION

Several animal models for ASD and ADHD exist, including socially deficient rodent strains, induction of behavioral symptoms by drugs or severe maternal inflammation, and most prominently for ASD, transgenic mice expressing mutations associated with the human condition (40). These models often exhibit behavioral abnormalities with or without supportive neuropathology. Rodent models of ASD and ADHD do not consistently reproduce basic demographic hallmarks such as sex disparity and linkage to co-morbidities (41–43), however, and more subtle properties in patients such as altered age-related cognition (37, 38) or accompanying savant skills (40, 44–46). Moreover, no model provides a biological basis for the frequent co-occurrence of ASD and ADHD, although their etiological linkage has been hypothesized in humans (47–50), and were recently found to share similar gene mutations (51). Thus, models that better reflect the human conditions separately and coordinately are needed.

Both ASD and ADHD are influenced by environmental, metabolic, genetic and immune factors. With regard to genetic factors, mutations in several developmental signaling genes are associated with rare cases of ASD in particular. For example, deletion of the gene encoding β-catenin (CTNNB1) in neurons was recently found to cause ASD-like behavior (52), and rare mutations have been identified in patients with learning defects and autism spectrum disorder (ASD) (53, 54). β-catenin is a key developmental signaling protein that regulates cell differentiation and proliferation and is itself regulated by extracellular cadherin adhesion (55).

Similarly, among immune factors, pro-inflammatory cytokines such as IFNγ that are capable of regulating neurodevelopmental processes as well as key neuroinflammatory cells such as microglia, are also typically upregulated in ASD and ADHD (3, 6, 56). Prominent changes in innate immune and resident memory T cells (TRM) in gut also occur in ASD. These cells frequently express the αE-integrin, CD103, a known cadherin receptor that is at least in theory capable of modulating neurodevelopmental signaling through β-catenin (8, 18, 57). Nevertheless, identifying properties linking the diverse risk factors in ASD/ADHD has been elusive.

A low level of CD8 TRM cells exist in brain parenchyma after birth, while other adaptive immune cells such as B and CD4 T cells are excluded (26, 29, 58, 59). We and others have shown that these brain CD8 T cells are also prominently CD103+, and that they accumulate with advancing age (9, 10, 26, 29, 30). This is intriguing, because ASD in particular has been linked to distinct age-related cognitive trajectories in some human studies (37, 38). Nevertheless, the impact of CD103+ immune cells on developmental signaling, neurodevelopmental disorders, and age-related behavioral changes has not been previously explored.

In this study, we first established in mixed co-cultures that CD8 T cells in particular can modulate β-catenin signaling in neural progenitor cells (NPC), and that CD103 was required for both maximal modulation and its functional outcomes on NPC. While we were not able to determine the precise molecular nature of CD103-mediated signaling in neural progenitors upstream of β-catenin, its involvement was sufficient to encourage examination of the behavioral consequences of CD103 deficiency in knockout mice, particularly after verifying that CD8 T cells were the most prominent immune cell subpopulation in such mice.

We then documented that CD103 deficiency results in behavioral changes consistent with neurodevelopmental disorders, specifically ASD and ADHD, in knockout females and males, respectively. Specifically, CD103 deficiency significantly reduced CD8 levels in brain, consistent with a possible impact of CD103+ CD8 T cells on brain function, and consistent with the known role of CD103 in homing of CD8 T cells to epithelial tissues including brain (8–10). Remarkably, CD103-deficient females exhibited normal motor activity, but deficient socialization, aversion to novelty, and increased repetitive behavior, without apparent cognitive deficits. Indeed, CD103-deficient females consistently outperformed normal female counterparts in hippocampus-dependent maze performance. By contrast, CD103-deficient males exhibited overt hyperactivity and delayed learning/memory, but only very minor social deficit, no aversion to novelty, and no increase in repetitive behavior. Moreover, CD103-deficient females and males were partially protected from age-related cognitive decline, albeit in distinct ways. These behavioral differences were paralleled by distinctly altered content of neuronal, synaptic, and transcriptional regulatory proteins in female and male CD103-deficient brains.

Taken together, these findings suggest that a singular immune defect in CD103 deficiency promotes ASD-like symptoms and neuropathology in females, while promoting ADHD-like symptoms and neuropathology in males. These symptoms were associated with potentially superior cognitive abilities, as female Barnes Maze performance was superior to wild-type even without training, and males committed fewer errors in the maze after training, and both were protected against some aspects of cognitive decline with aging. This beneficial component is particularly intriguing, given reports that high-functioning forms of ASD such as Asperger's Syndrome can be associated with super-normal ability in focused areas (40, 44–46). Our model is thus unique in integrating multiple disease properties from a single inductive lesion, and as such may offer superior mechanist insights into ASD, ADHD and their linkage.

Limitations of our findings include that mice were not tested for impaired vocalization, or for a fuller battery of tests to more fully characterize behavioral profiles. Vocalization is typically recorded by male pups to mothers, and since males did not exhibit other behaviors consistent with ASD, we chose not to pursue this. Additional tests for repetitive behavior and cognition, such as nesting and novel object recognition, in addition to alternative tests such as Morris Water Maze, will be important components to further validate our model's relevance to human disorders. A further limitation is that the mechanistic details of immune-neural signaling were not elaborated at the cellular or molecular level in our study. In this context, the contribution of CD8 T vs. other CD103+ innate and adaptive immune cell subpopulations, as well as the signaling pathways induced by CD103 ligation impacting β-catenin, require more detailed analysis in future studies. A final limitation is that the sex disparity for ASD- and ADHD-like behaviors in our model is the opposite of that seen in humans: ASD is more prevalent in human males by a factor of 4 to 1, while sex differences in ADHD are more complicated (60). It's difficult to see how such a distinct difference in sex disparity could be ascribed to hormonal differences in the two species, but this needs to be formally addressed. If ruled out, however, examination of factors with opposite sex linkage in mice and humans may be warranted. Indeed, cadherin-like proteins may be among such factors (61), though their relationship to CD103+ immune cells has not been examined.

Since CD103 is known to direct homing of immune cells expressing it to gut in addition to brain (8–10), our findings additionally suggest that this immune factor may link brain-gut-immune dynamics in ASD and ADHD. Moreover, it lends mechanistic credence to popular treatments for ASD and ADHD based on gut-brain-immune modulation (6, 56, 62, 63). It is thus tempting to speculate that directly targeting CD103 and/or immune cells expressing it, could enhance ASD and ADHD therapies, and may constitute a treatment target for age-related cognitive decline as well. In this context, it's important to note that multiple subpopulations of CD103+ immune cells exist that may distinctly impact neurodevelopmental and age-related outcomes. For example, reduction in youth-associated recent thymic emigrant CD103+ CD8 T cells, or in immune-priming CD103+ dendritic cells (22, 64, 65), may effectively promote neurodevelopmental symptoms of ASD and ADHD, while reduction of age-associated TRM or regulatory T cells (30) may protect against age-related cognitive decline in CD103-deficient animals. Similarly, increasing youth-associated CD103+ immune cell levels could potentially prevent or treat ASD and ADHD symptoms, while increasing age-associated immune cells could actually worsen age-related cognitive decline. It is therefore imperative to examine the distinct roles of these CD103+ subpopulations in neurodevelopmental and neurodegenerative outcomes, as well as ways to differentially target them.

In summary, we have shown that a single immunological factor promotes sex-disparate ASD- and ADHD-like symptoms with associated neuropathological biomarkers and late-life cognitive protection in mice. This represents a potentially improved model for each disorder, and is the first demonstration that a single immune-based defect can promote both ASD and ADHD behaviors. This is a departure from many other studies of immune activity in ASD and ADHD suggesting hyper-activation of immune cells and responses (7, 66, 67). Our findings also reveal the possibility that cellular immune function may broadly impact neurodevelopment and age-related cognitive decline, and as such may represent a novel target for intervention in these conditions.
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Alzheimer’s disease (AD) includes several hallmarks comprised of amyloid-β (Aβ) deposition, tau neuropathology, inflammation, and memory impairment. Brain metabolism becomes uncoupled due to aging and other AD risk factors, which ultimately lead to impaired protein clearance and aggregation. Increasing evidence indicates a role of arginine metabolism in AD, where arginases are key enzymes in neurons and glia capable of depleting arginine and producing ornithine and polyamines. However, currently, it remains unknown if the reduction of arginase 1 (Arg1) in myeloid cell impacts amyloidosis. Herein, we produced haploinsufficiency of Arg1 by the hemizygous deletion in myeloid cells using Arg1fl/fl and LysMcreTg/+ mice crossed with APP Tg2576 mice. Our data indicated that Arg1 haploinsufficiency promoted Aβ deposition, exacerbated some behavioral impairment, and decreased components of Ragulator-Rag complex involved in mechanistic target of rapamycin complex 1 (mTORC1) signaling and autophagy. Additionally, Arg1 repression and arginine supplementation both impaired microglial phagocytosis in vitro. These data suggest that proper function of Arg1 and arginine metabolism in myeloid cells remains essential to restrict amyloidosis.
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Introduction

Arginine metabolism associates with numerous biological pathways. The impact of arginine levels and arginine signaling warrants further consideration in Alzheimer’s disease (AD) because of its high demand for multiple metabolic pathways and recent discoveries of mTORC1 activation associated bona fide and putative arginine sensors that locate at the lysosome [SLC38A9 (1), TM4SF5 (2)], cytoplasm [CASTORs (3)], and plasma membrane [GPRC6A (4)]. In this respect, properly coordinated arginine metabolism remains critical for linear coupling of signaling events linked to nutrients/amino acids sensing and mTORC1 regulation and could be particularly important for immune cells during neurodegeneration. In addition to arginine’s role as a substrate for protein synthesis and arginine sensors, at least five enzymes catabolize arginine including arginase 1, 2 (ARG1, ARG2), nitric oxide synthases 1, 2, 3 (NOS1, 2, 3), arginine decarboxylase (ADC), arginine/glycine amidinotransferase (AGAT1), and arginyltransferase (ATE1), suggesting a critical role for numerous biological processes (5, 6). Therefore, Arg1 may control the degree to which proteolysis occurs, protein turnover, and thus impact proteinopathies. Dysmetabolism of arginine and polyamines were among the most altered in mild cognitive impairment (MCI) and AD patient blood samples (7–9), cerebral spinal fluid (CSF) (9, 10) and postmortem brain tissues (11–14). Alterations in arginine metabolism were also observed in mouse models of Aβ and tau deposition (15–19) and in vitro models (20). However, experimental manipulations and animal models concluded different outcomes regarding arginine metabolism in neuropathology (16, 17). Other reports indicated that a potential rare arginase 2 allele was linked to an increased risk of AD (21). These reports signify a relationship between arginine metabolism and AD.

Balanced compartmental arginine levels are necessary for normal physiology and likely require cell type specific demands for proper functioning. Several reports link Arg1 to microglia/monocyte wound repair and phagocytosis (22, 23). A previous study by our group showed that Arg1 overexpression decreased neuroinflammation and tau pathology in a tauopathy mouse model (17). Another group reported Arg1 positive microglia were responsible for reducing Aβ plague deposition during sustained neuroinflammation in an amyloidosis mouse model (24). Monocytes and other peripheral myeloid cells were found to infiltrate the brain and home to Aβ deposits, thus ameliorated amyloidosis pathology (25, 26). However, the impact on Aβ deposition following the myeloid-specific deletion of Arg1 remains unknown. We determined to assess how the haploinsufficiency of Arg1 in myeloid cells impacts the brain during amyloidosis using conditional LysMcre deletion in APP Tg2576 transgenic mice. We performed immunohistochemical analysis, mouse behavioral assessments, and biochemical analysis in mice of amyloidosis and Arg1 haploinsufficiency. We also performed in vitro microglia phagocytosis assays following Arg1 reduction and arginine supplementation. Our data indicate a critical function for proper arginine and Arg1 levels during amyloidosis.



Materials and Methods


Animal Husbandry

The Tg2576 mice carrying a heterozygous allele for human APP KM670/671NL Swedish mutation and non-transgenic (nTg) littermates were bred at the University of South Florida under Dave Morgan and Marcia Gordon. Cre-recombinase mice (B6.129P2-Lyz2tm1(cre)/fo/J; LysMcre promoter, Stock No: 004781) and Arg1 mice (C57BL/6-Arg1tm1Pmu/J (Arg1fl), Stock No: 008817) were purchased from the Jackson Laboratory. The APP Tg2576 mice (APP+/−), Arg1 floxed mice (Arg1fl/fl), and LysMcreTg/+ were bred according to the published protocol (27). Therefore, we created four groups including: nTg/Arg1+/+/LysMcreTg/+ (n = 17, nine males/eight females), nTg/Arg1fl/+/LysMcreTg/+ (n = 22, 10 males/12 females), APP+/−/Arg1+/+/LysMcreTg/+ (n = 8, four males/four females, APP+/−/Arg1fl/+/LysMcreTg/+ (n = 10, seven males/three females).



Behavioral Testing

All mice were aged at 15 months and subsequently exposed to a series of behavioral tasks to evaluate cognition and general activity. All tests were executed in order of increasing stress with appropriate break time between tests to avoid any lingering effects of previous experimental conditions. The experimenter was blinded to the data and experimental groups. The video tracking software ANY-maze (version 4.99, Stoelting Company, Wood Dale, IL) was used.



Open Field

Open field test (Ugo Basile S.R.L., Italy) was performed to measure general ambulatory activity and anxiety-related behaviors. After a 30-min procedure room acclimation period, mice were allowed to investigate the 44 cm2 maze for 15 min while being recorded by ANY-maze. The locomotive activity was measured for total distance traveled and total time immobile. Anxiety-related behavior was measured by time in the center zone. Increased thigmotaxis indicates anxiety-related behavior and suggests an increased anxiety level.



Y-Maze

The Y-maze test (Ugo Basile S.R.L., Italy) was used to calculate spontaneous alternation to measure spatial working memory and anxiety. Mice were permitted to freely travel the maze (35 cm × 5 cm × 10 cm; L × W × H) for 5 min, while all movements recorded by ANY-maze. Alternation occurs if a mouse entered a different arm during three consecutive entries. The percentage of alternation was calculated (number of alternations divided by the total number of entries minus two). The decreased percentage of alternations suggests impaired working memory.



Radial Arm Water Maze

We performed a radial arm water maze (RAWM) based on the previous protocol with minor changes (28). In brief, six swimming arms are extending from the center. Only the goal arm contains the escaping platform at the end. Each arm is associated with an obvious visual cue in the surrounding environment. On day 1, mice were trained with constant alternating between visible and hidden platforms with the same goal arm for 15 trials. On day 2, mice were exploring the arms with only the hidden platform located at the same goal arm as day 1 for 15 trials. On day 3 (reversal), the platform was hidden at the goal arm opposite to that used on day 1 and day 2 and mice explored the arms for 15 trials. One error is counted if the mouse explores an arm that is different from the goal arm. An approximate average cohort size of 16 per day was designed and mice in the same cohort ran through each trial sequentially. The average and total errors for three continuous trials are calculated into five blocks over three days.



Aversive Conditioning

We performed contextual and cued fear conditioning test to measure the animal ability to learn and recollect links between environmental cues and aversive experiences. For this test, an auditory conditioned stimulus (CS, white noise, 70 dB) was accompanied by an unconditioned aversive stimulus (US, a mild foot shock, 0.5 mA) in a novel environment. On day 1 (Training), we placed mice in the fear conditioning apparatus for 180 s, then a 30 s CS was delivered with the US on the metal floor grid during the final 2 s. The training comprised of two CS, paired with two US, with a 2 min interval in between. On day 2 (24 h post-training), we placed mice in the apparatus, with no cues or stimulus (context fear conditioning), for 60 min while monitored for freezing. Directly after contextual testing, we placed the mice into a novel context and exposed them to CS for 180 s (cued fear conditioning). Freezing behavior related to both contextual and cued stimuli were used to assess learning and fear associated recall.



Immunohistochemistry

We performed immunohistochemistry on free-floating 25 µm sections as previously described (29). At 16 months of age, following all behavioral testing, mice were humanely euthanatized using Somnasol (provided by USF vivarium) and transcardially perfused with 0.9% normal saline. Post perfusion, one hemisphere of the brain was fixed in 4% paraformaldehyde in 100 mM phosphate buffer (pH 7.4) for 24 h while the remaining hemisphere was dissected and stored at −80°C. Cryoprotection was achieved by sequential immersion in 10, 20, 30% of sucrose for 24 h each. Using a sliding microtome, brains were sectioned, placed in DPBS containing 100 mM sodium azide (Sigma-Aldrich, #S2002), and stored at 4°C. The primary antibodies and reagents were used: rabbit anti-β-amyloid (Aβ) 1-43 (Covance, #Sig-39145); rabbit anti-Aβ 1-42 (Covance, #Sig-39142); rabbit Aβ 1-40 (Covance, #Sig-39146); rabbit anti-Aβ 1-38 (BioLegend, #808603); rabbit anti-IBA1 (Wako Chemicals, #016-26461); and rat anti-mouse CD68 (AbD Serotec, #MCA1957).



Detection of Congophillic Deposits

We performed Congo red histology as described previously (30). Briefly, brain sections were mounted and submerged for 20 min in alkaline sodium chloride, then incubated in 0.2% Congo Red solution (Sigma-Aldrich), Congo Red staining kit #HT60-1KT) for 30 min Sections were then rinsed in 95 and 100% ethanol, cleared in xylene for 15 min, and coverslipped with DPX mountant (Electron Microscopy Sciences). Statistical analysis was performed for total, vascular, and parenchymal Aβ loads.



Protein Preparation for Biochemical Analysis

We prepared protein samples for ELISA and western blotting from the frozen anterior cortex and posterior cortex as previously described (17). Tissues were weighed and resuspended in RIPA buffer (50 mM Tris pH 7.6, 140 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS) at 10% wt/vol, containing a 1% vol/vol protease inhibitor cocktail (Sigma-Aldrich, #P8340), phosphatase inhibitor cocktail 2 (Sigma-Aldrich, #P5726), phosphatase inhibitor cocktail 3 (Sigma-Aldrich, #P0044), and PMSF (Sigma-Aldrich, #10837091001). Tissues were mechanically homogenized and sonicated to obtain the whole cell lysate. An aliquot of the whole-cell lysate was centrifuged for 30 min at 40,000 g (4°C). Supernatant detergent soluble (S1) was collected. The resulting pellet became a P1 fraction. The protein concentration of whole-cell lysate and S1 fraction was measured by Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Thermo Scientific™, #23225) according to the manufacturer’s protocol. The P1 protein fraction was resuspended in 70% formic acid using 20% volume of whole-cell homogenate aliquot, then incubated for 1 h at room temperature. Formic acid was buffered with 1M Tris (pH 7.5) using 25% volume of formic acid. A final pH value at 7.5 was adjusted using NaOH solution (50% w/w) to create the detergent insoluble, formic acid (FA) fraction.



L-Arginine Quantification

Whole-cell lysate samples prepared from the mouse posterior cortex were subjected to liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) using a standard curve of specific amino acid analytes. Quantification of L-arginine was performed by Sanford Burnham Prebys (Orlando, FL, USA).



Aβ 40 and Aβ 42 ELISA

We measured the concentrations of Aβ 40 and Aβ 42 from the aforementioned detergent soluble S1 and detergent insoluble FA P1 fraction of anterior cortex protein lysate using the Aβ 1-40 and 1-42 specific sandwich ELISA kit (Mega Nano Biotech. FL, USA). In brief, we coated each well of a 96 well plate with 50 µl of goat anti-human Aβ 1-42 antibody (MegaNano BioTech Inc., AB-001) diluted in 1× PBS at 10 μg/ml and incubated overnight at 4°C. We washed the plate five times and blocked it in 200 μl blocking buffer at 37°C for 1 h. After washing the plate, 50 μl diluted detection antibodies anti-Aβ 40 (MegaNano BioTech Inc., Ab40-002) or anti-Aβ 42 (MegaNano BioTech Inc., AB42-002) were mixed with either 50 µl diluted peptide standard solution or diluted samples in a preparation plate before loading to the assay plate. Then we incubated the plates at 4°C overnight. The next day, we washed first and then added 100 µl of diluted secondary antibody into each well and incubated for 45 minutes on an orbital shaker at room temperature. The plate was then washed four times before applying the TMB peroxidase substrate (Surmodics, Inc., TMBS-1000), then the plates were incubated at room temperature for 10 min. The reaction was ended by adding 100 μl/well of 0.4 M H2SO4. Absorbance at 450 nm was measured with a BioTek Synergy H4 microplate reader. The final concentration was calculated based on peptide standards.



Western Blotting

We performed western blotting analysis as previously described (17). Briefly, 30 µg of detergent soluble S1 protein was loaded to measure the relative abundance of the protein target. Protein samples were loaded onto the Novex™ 4 to 20% Tris-Glycine Plus 20-well Midi Protein Gels (1.0 mm, Thermo Fisher Scientific, Invitrogen™, #WXP42020BOXA). For a given probing target, all groups of mice were loaded to the same gel including resolving, transferring, and exposure. The following primary antibodies were used: Anti-Liver Arginase (abcam, #ab124917), LAMTOR2 (Cell Signaling Technologies, #8145), LAMTOR3 (Cell Signaling Technologies, #8168), LAMTOR4 (Cell Signaling Technologies, #12284), RagA (Cell Signaling Technologies, #4357), and anti-β-actin antibody (Sigma-Aldrich, #A5441). Densitometric analysis was performed using AlphaEase software (Alpha Innoch, CA, US).



Quantitative Real-Time PCR

We extracted total mRNA from cryopreserved hippocampal tissues using AllPrep DNA/RNA/Protein Mini Kit (QIAGEN, #80004) according to the manufacturer’s protocol. For qRT-PCR analysis, we probed the mouse Arg1 mRNA from the hippocampal tissues of the aforementioned four mouse groups. The cDNA was generated using the Superscript™ III First-Strand Synthesis System (Thermo Fisher Scientific, Invitrogen™, #18080051). The QuantiTect Primer® Assay was used for mouse Arg1 gene transcripts (QIAGEN, Mm_Arg1_1_SG, #QT00134288, Lot# 229462537; IDT, Actin, Mm.PT.39a.22214843.g) along with SYBR® Green Quantitative RT-qPCR Kit (Sigma-Aldrich, #QR0100-1KT). We used a standard curve from a pool of all genotypes to span three logs of dynamic range. Melt curve analysis was performed for primer validation. We used the Opticon 2™ Real-Time PCR System (v4.3, Bio-Rad) to detect amplicon.



Primary Microglial Culture

All cells were maintained in a humidified cell culture incubator (Forma™ Series II 3110, Thermo Fisher Scientific, Thermo Scientific™) with 5% CO2 at 37°C. Primary microglia from 6-month-old non-transgenic rats (n = 6, three males/three females) were dissociated as described previously except that we used rat CD11b magnetic microbeads (Miltenyi Biotec, #130-105-634) for the final isolation step (31). Primary microglia were plated at 1.0*106 cells/well on a 6-well plate and maintained in a complete medium using DMEM/F-12 (Thermo Fisher Scientific, Gibco®, #11320082), supplemented with 10% heat-inactivated fetal bovine serum (Sigma-Aldrich, #12306C, Lot#17H093), 1% GlutaMAX™-I (200 mM, Thermo Fisher Scientific, Gibco®, #35050061), and 1% Penicillin–Streptomycin (10,000 U/ml, Thermo Fisher Scientific, Gibco®, #15140122). For arginine supplementation experiments, we added L-arginine (3 mM or 10 mM; Sigma-Aldrich, #W381918-1KG) at 24 h post-plating primary microglia. The control cells were not supplemented with excess L-arginine and kept at the arginine concentration (0.699 mM) in the basal medium. Then 48 h post L-arginine incubation, we performed a pHrodo phagocytosis assay (see below).



Microglial Cell Line Culture

Highly aggressively proliferating immortalized (HAPI) rat microglial cell line was purchased from MilliporeSigma (#SCC103) and regularly split into a new 75 cm2 sterile flask two to three times a week before reaching 80% confluence. HAPI cells were grown in a complete medium using DMEM (Thermo Fisher Scientific, Gibco®, #11965167), supplemented with 5% heat-inactivated fetal bovine serum (Sigma-Aldrich, #12306C, Lot#17H093), 1% GlutaMAX™-I (200 mM, Thermo Fisher Scientific, Gibco®, #35050061), 1% MEM Non-Essential Amino Acids Solution (100×, Thermo Fisher Scientific, Gibco®, #11140050), and 1% Penicillin–Streptomycin (10,000 U/ml, Thermo Fisher Scientific, Gibco®, #15140122). For siRNA transfection, we plated HAPI cells at 17 k cells/well on a 24-well plate, then 48 h later when cells were 50–60% confluent, we transfected with either siGLO green oligonucleotide transfection indicator (Dharmacon, #D-001630-01)), non-targeting siRNA (Dharmacon, #D-001210-05-05), or rat specific Arg1 siRNA (Dharmacon, #M-091161-01-0005) using TransIT-X2® Transfection Reagent (Mirus, #MIR6003) according to the manufacturer’s protocol. We performed the pHrodo phagocytosis assay 48 hours post-transfection.



Primary Macrophage Culture

Bone marrow derived macrophages (BMDMs) were isolated from the femurs and tibias of nTg/Arg1+/+ mice, nTg/Arg1fl/fl mice and nTg/Arg1fl/fl/LysMcreTg/+ mice at 3–6 months of age. Bones were flushed with a syringe filled with cold washing media (RPMI 1640 supplemented with 10% FBS and 1% penicillin/streptomycin) to extrude bone marrow into a sterile falcon tube. The bone marrow was then triturated three times using syringes fit with 18 gauge needle and then centrifuged at 1,000 rpm for 5 min at 4°C. After decanting the supernatant, red blood cells were lysed in lysis buffer (0.15 mol/L NH4Cl, 10 mmol/L KHCO3, and 0.1 mmol/L Na2EDTA, pH 7.4) for 3 min. The remaining cells were washed and pelleted in washing media, then resuspended in BMDM differentiation media (RPMI 1640 supplemented with 1% penicillin/streptomycin, 1% HEPES, 0.001% β-mercaptoethanol, 10% FBS, and 20% supernatant from sL929 cells-provides macrophage colony stimulating factor) (32). BMDM cells were plated in T75 flasks at 5–8 × 105 cells/ml. Cell culture media was changed on post days of 2, 4, and 6, and then cells were re-plated at the density of 1 × 106 cells/ml on day 7 in differentiation media without sL929 supernatant. The following day, BMDMs were stimulated with LPS (100 ng/ml; Invitrogen) + IFN-gamma (20 ng/ml; eBioscience), IL-4 (20 ng/ml; eBioscience), or LPS (50 ng/ml) + IL-4 (20 ng/ml) in Neuro-2a growth medium or differentiation media without sL929 supernatant as previously described (33). Azithromycin (AZM, Sigma PHR1088, 25 μM) was added to the BMDMs at the time of stimulation. Unstimulated BMDMs were maintained in the appropriate growth medium as controls. 24 h post stimulation, the supernatant of the stimulated macrophages (macrophage conditioned media) was collected and centrifuged to remove the cell debris before being applied to Neuro-2a cells for the measurement of neurotoxicity. BMDM cell lysates were used to assess arginase activity using the QuantiChrom Arginase Assay Kit (Bioassay Systems DARG-200) according to the manufacture’s protocol.



Neurotoxicity Assay

Neuro-2a cells were cultured in growth media which contains 45% DMEM and 45% OptiMEM Reduced-Serum Medium (Life Technologies) supplemented with 10% FBS and 1% penicillin/streptomycin. Experiments were carried out using Neuro-2a cells within 12 passages. Neurotoxicity was assessed after Neuro-2a cells were seeded in 96-well plates at a density of 2 × 105 cells/ml for 24 h in Neuro-2a growth media. Then Neuro-2a growth media were replaced by different stimulated macrophage conditioned media for 24 h. The cell viability was measured by using MTT assay (Sigma-Aldrich) according to the manufacturer instructions and as described previously (34).



Phagocytosis Assay

We performed the phagocytosis assay using the pHrodo™ Green E. coli BioParticles™ Conjugate for Phagocytosis kit (Thermo Fisher Scientific, Invitrogen™, #P35366) according to the manufacturer’s protocol. Briefly, we resuspended pHrodo™ E. coli BioParticles® conjugates at 1 mg/ml buffer in sterile PBS (pH 7.4). We replaced the culture medium with the BioParticles® suspension at 50 µl per well. Cells were incubated at 37°C for 90 min. We harvested single live cells using Trypsin-EDTA (0.05%, Thermo Fisher Scientific, Gibco®, #25300054) and measured the fluorescence using an Accuri® C6 flow cytometer (BD Biosciences, Serial Number 2986).



Statistical Analysis

We performed all statistical analyses using SPSS (version 25.0, IBM Corp., Armonk, NY, USA) and generated all graphs using GraphPad Prism (version 8.0.0, GraphPad Software, San Diego, CA, USA). Values were represented as mean ± S.E.M. A two-way ANOVA of 2 × 2 factorial analysis was used to determine simple main effects of APP transgene genotype (APP+/−/LysMcreTg/+ vs nTg/LysMcreTg/+) and Arg1 haploinsufficiency genotype (Arg1fl/+/LysMcreTg/+ vs Arg1+/+/LysMcreTg/+) as well as the interaction of the two genotypes, followed by pair-wise comparisons for each genotype. An unpaired Student’s t-test was utilized for two-group comparison (APP+/−/Arg1fl/+/LysMcreTg/+ vs APP+/−/Arg1+/+/LysMcreTg/+), such as for measurements of Aβ, which is not present in non-transgenic animals. Two-way ANOVA followed by Dunnett’s or Sidak’s multiple comparison tests were applied in analyzing experiments using bone marrow derived macrophages.




Results


Arg1 Insufficiency in Myeloid Cells Promotes Diffuse Aβ Deposition

To assess how Arg1 insufficiency in myeloid cells impacted amyloidosis, we crossbred LoxP Arg1 (Arg1fl/fl) mice with transgenic APP Tg2576 mice (APP+/−) to generate APP(+/−)/Arg1(fl/−) and APP(−/−)/Arg1(fl/−) (non-transgenic, nTg) mice. These mice were bred with the Cre deleter strain (LysMcreTg/+). Mice knocked in allele of LysMcre harbor a Cre recombinase gene inserted at the lysozyme 2 gene (Lyz2) initial ATG coding sequence. The Lyz2 promoter targets myeloid lineage cells, mostly macrophages, but also a certain percentage of microglia (35–37). All groups contained one allele of the LysMcreTg/+. We established four experimental groups of mice: non-transgenic/Arg1 sufficient mice (nTg/Arg1+/+/LysMcreTg/+), non-transgenic/Arg1 insufficient mice (nTg/Arg1fl/+/LysMcreTg/+), APP/Arg1 sufficient mice (APP+/−/Arg1+/+/LysMcreTg/+), and APP/Arg1 insufficient mice (APP+/−/Arg1fl/+/LysMcreTg/+). We confirmed the deficient arginase 1 activity in primary macrophages of mice with Arg1flox and LysMcreTg/+ (Supplementary Figure S1A, B).

To determine how Arg1 insufficiency impacts Aβ deposition, we measured total Aβ, and forms with specific C termini ending at Aβ 38, Aβ 40 and Aβ 42 in the anterior cortex (ACX), hippocampus (HPC), and entorhinal cortex (ECX) of the brain in 16-month-old APP Tg2576 mice with Arg1 sufficiency and insufficiency by immunohistochemistry. Non-transgenic mice had undetectable levels of all Aβ species (data not shown). Overall, total Aβ was increased in HPC (p = 0.043), ECX (p = 0.034) and trended toward an increase in ACX (p = 0.059) in APP/Arg1 insufficient mice relative to APP/Arg1 sufficient mice (Figures 1A, B, K). Aβ 42 was significantly increased in APP/Arg1 insufficient mice compared to APP/Arg1 sufficient mice in all three brain regions (ACX, p = 0.038; HPC, p = 0.011; ECX, p = 0.005) (Figures 1C, D, L). However, we did not detect changes in plaque load measured by Aβ 40 (Figures 1E, F, M) or Aβ 38 (Figures 1G, H, N). Furthermore, we measured compact plaques using the histological stain Congo red and found no changes in the ACX, HPC, and ECX regions between these two groups (Figures 1I, J, O). Lastly, we measured Aβ 42 and Aβ 40 by ELISA in both detergent soluble and insoluble (formic acid soluble) fractions. We found increased Aβ 42 in the detergent soluble fraction (p = 0.048), but not in the formic acid fraction (Figure 1P). No changes were detected for Aβ 40 in ELISA (Figure 1Q). Collectively, these data strongly suggest that Arg1 insufficiency during amyloidosis promotes diffuse Aβ 42 deposition.




Figure 1 | Hemizygous deletion of Arg1 in myeloid cells of APP Tg2576 mice promotes Aβ deposition. We performed immunohistochemistry staining for species of Aβ (total Aβ, Aβ 42, Aβ 40, Aβ 38) and Congophilic Aβ deposition in the anterior cortex (ACX), hippocampus (HPC), and entorhinal cortex (ECX) of 15-month old APP Tg2576 mice from two groups (APP+/−/Arg1+/+/LysMcreTg/+, APP+/−/Arg1fl/+/LysMcreTg/+). (A–J) Representative images for total Aβ (A, B), Aβ 42 (C, D), Aβ 40 (E, F), Aβ 38 (G, H), and Congo red (I, J) are presented. (K–Q) Quantification analysis of total Aβ (K), Aβ 42 (L), Aβ 40 (M), Aβ 38 (N), and Congo red (O) are shown. ELISA was performed for Aβ 42 and Aβ 40 in the cortex. (P, Q) Quantification analysis of Aβ 42 (P) and Aβ 40 (Q) by ELISA for both detergent soluble fraction and formic acid fraction. Quantification of Aβ species and Congo red from staining was determined using six sections per mouse. For mice in each group, n = 6–7 for APP+/−/Arg1+/+/LysMcreTg/+, n = 6–9 for APP+/−/Arg1fl/+/LysMcreTg/+. *p < 0.05; **p < 0.01. Unpaired Student’s t-test. Values represent mean ± SEM. Scale bars represent 500 µm for images and 20 µm for insets.





Arg1 Insufficiency During Amyloidosis Increases Overall Microglial Activation

Next we measured microglial markers in various regions of the brain by immunohistochemistry during amyloidosis and Arg1 insufficiency. We stained tissue sections for CD68 (Figures 2A–D) and IBA1 expression (Figures 2E–H). We found APP mice showed a main effect of genotype with higher expression for CD68 in ACX (p < 0.0001), HPC (p = 0.024) and ECX (p = 0.004) compared to nTg mice (Figure 2I). Pairwise comparisons between APP/Arg1 insufficient mice and nTg/Arg1 insufficient mice were observed (ACX: p = 0.003; HPC: p = 0.035; ECX: p = 0.005; Figure 2I). There was a main effect of Arg1 insufficiency genotype with increased expression for CD68 in HPC (p = 0.024) and increased trends for CD68 in ECX (p = 0.058) (Figure 2I). Particularly, APP/Arg1 insufficient mice expressed more CD68 in HPC (p = 0.042) and ECX (p = 0.037) compared to APP/Arg1 sufficient mice (Figure 2I). It also showed either trending or significant main effects of Arg1 insufficiency genotype for IBA1 in ACX (p = 0.07), HPC (p = 0.016) and ECX (p = 0.008) (Figure 2J). The nTg/Arg1 insufficient mice expressed more IBA1 in ACX (p = 0.025), HPC (p = 0.006) and ECX (p = 0.005) compared to nTg/Arg1 sufficient mice (Figure 2J). While it is well known that Aβ deposition activates microglia, these data also suggest that Arg1 myeloid insufficiency generally stimulates microglial activation.




Figure 2 | Hemizygous deletion of Arg1 in myeloid cells increases microglia activation. We performed immunohistochemistry staining for IBA1 and CD68 in the anterior cortex (ACX), hippocampus (HPC), and entorhinal cortex (ECX) of 15-month old mice from four groups (nTg/Arg1+/+/LysMcreTg/+, nTg/Arg1fl/+/LysMcreTg/+, APP+/−/Arg1+/+/LysMcreTg/+, APP+/−/Arg1fl/+/LysMcreTg/+). (A–D) Representative images of IBA1 expression in ACX, HPC and ECX. (E–H) Representative images of CD68 expression in ACX, HPC and ECX. (I), Quantification analysis of IBA1 images in (A–D). (J), Quantification analysis of CD68 images in (E–H). Quantification was determined using 6 sections per mouse. For mice in each group, n=9-10 for nTg/Arg1+/+/LysMcreTg/+, n = 9–10 for nTg/Arg1fl/+/LysMcreTg/+, n = 7 for APP+/−/Arg1+/+/LysMcreTg/+, n = 9 for APP+/−/Arg1fl/+/LysMcreTg/+. Asterisk sign (*) denotes statistical significance observed for main effect of APP genotype and associated pairwise comparisons. Number sign (#) denotes statistical significance observed for main effect of Arg1 insufficiency genotype and associated pairwise comparisons. */#p < 0.05; **/##p < 0.01; ****p < 0.0001. Two-way ANOVA followed by pairwise comparisons. Values represent mean ± SEM. Scale bars represents 500 µm for images and 50 µm for insets.





Arg1 Insufficiency During Amyloidosis Hastens the Impairment of Mouse Behavioral Performance

Next, we determined if Arg1 insufficiency impacts behavioral performance in APP and nTg mice. We used open field behavior to measure overall activity by total distance traveled and total immobile time, and anxiety by total time spent in the center zone. The APP mice were more active relative to nTg mice measured by increased total distance traveled (p < 0.0001, Figure 3A) and decreased total time immobile (p = 0.001, Figure 3B). Although we did not find any difference for the time spent in the center zone in mice with APP, we found that mice with Arg1 insufficiency spent less time in the center, indicating increased anxiety (p = 0.039, Figure 3C). We measured mouse general working memory by Y-maze and showed that APP mice demonstrated a decreased percentage of alternation (p < 0.0001), suggesting decreased working memory with amyloidosis (Figure 3D). Additionally, we found main effects in genotypes of APP (p < 0.0001) and Arg1 insufficiency (p = 0.027), as well as an interaction between genotypes in measuring the number of entries in Y-maze (p = 0.003). Specifically, the APP/Arg1 insufficient mice displayed an increased number of entries compared to APP/Arg1 sufficient mice (p < 0.0001), suggesting APP/Arg1 insufficient mice were more exploratory (Figure 3E). Furthermore, we tested mice in the radial arm water maze (RAWM), to measure spatial working memory. Mice received two days of training using one goal arm followed by 1 day of reversal training (using the opposite arm as the goal arm). Errors were counted during training until the mouse reached the rescue platform. Repeated measure ANOVA analysis over three days showed that mice with APP performed more errors compared to nTg mice (p < 0.0001, Figure 3F). Examining each day of training separately revealed that APP mice successfully learned procedural aspects of the maze so there were no main genotype effects on Day 1 (p = 0.054) or Day 2 (p = 0.064) of training (Figure 3G). However, APP mice were less able to learn a new platform location, so there was a main effect of APP genotype on the reversal day of testing (p < 0.0001, Figure 3G). The total number of errors for APP/Arg1 insufficient mice was the highest amongst all groups (Figure 3G). Lastly, we measured aversive conditioning for fear associated memory. After the initial training trials for all groups, we measured the aversive conditioning by calculating the percentage of freezing time during contextual and cued testing. In the context testing, the APP/Arg1 insufficient mice showed the lowest percentage of freezing time among all groups, and significantly less than nTg/Arg1 insufficient mice (p = 0.009), which contributed to the overall main effect in APP genotype (p = 0.006) (Figure 3H). In cued testing, all groups of mice showed a higher percentage of freezing time during the toning phase than the no tone phase, indicating an association with learning behavior (Figure 3I). During the toning phase, the APP/Arg1 insufficient mice demonstrated the weakest freezing response among all groups and had less total freezing time percentage than nTg/Arg1 insufficient mice (p = 0.009), which accounts for the main effect in APP genotype (p = 0.002) (Figure 3I). In summary, mice with amyloidosis display impaired behaviors activities, anxiety, and memory, while Arg1 insufficiency exacerbated these effects.




Figure 3 | Hemizygous deletion of Arg1 in myeloid cells of APP Tg2576 mice adversely affects behavioral performance. We performed mouse behavioral tests to measure general activity and anxiety in the open field, general working memory in Y-Maze, spatial working memory in Radial Arm Water Maze (RAWM), and fear associated recall in aversive conditioning. The four groups consisted of: nTg/Arg1+/+/LysMcreTg/+, nTg/Arg1fl/+/LysMcreTg/+, APP+/−/Arg1+/+/LysMcreTg/+, APP+/−/Arg1fl/+/LysMcreTg/+. (A–C) Total distance traveled (A), total time immobile (B), and time in the center zone (C) were measured and analyzed for open field assessment. (D, E) Percentage of alternation (D) and the number of entries (E) were measured and analyzed for Y-maze assessment. (F) Average errors performed by the mice over three days (Day 1, Day 2, and Reversal Day 3) were analyzed for RAWM. (G) Total errors performed by the mice on Day 1, Day 2, and Day 3 (Reversal) were analyzed for RAWM. (H, I) Percentage of total freezing time from context (H) and cued (no tone phase and tone phase) (I) were measured and analyzed for aversive conditioning assessment. For mice in each group, n = 17 for nTg/Arg1+/+/LysMcreTg/+, n = 22 for nTg/Arg1fl/+/LysMcreTg/+, n = 7–8 for APP+/−/Arg1+/+/LysMcreTg/+, n = 10 for APP+/−/Arg1fl/+/LysMcreTg/+. Asterisk sign (*) denotes statistical significance observed for the main effect of APP genotype and associated pairwise comparisons. The number sign (#) denotes statistical significance observed for the main effect of Arg1 insufficiency genotype and associated pairwise comparisons. Ampersand sign (&) denotes statistically significant interaction between APP genotype and Arg1 insufficiency genotype. */#p < 0.05; **/&&p < 0.01; ****/####p <  0.0001. Two-way ANOVA followed by pairwise comparisons. A repeated measure of two-way ANOVA was performed for RAWM average errors (G). Values represent mean ± SEM.





Arg1 Insufficiency Decreases Total Arginase 1 Expression and Increases Arginine in Mouse Brain

To determine if hemizygous deletion of Arg1 in myeloid cells impacts total ARG1 expression and arginine levels in the brain, we measured Arg1 mRNA by qRT-PCR, ARG1 protein by western blotting and arginine by LC-MS/MS. Interestingly, although we did not find changes in Arg1 mRNA between groups, we detected an overall decreased expression of ARG1 protein by the main genotype effect of Arg1 insufficiency (p = 0.032) (Figures 4A, B, D). We detected a higher level of arginine in the APP/Arg1 insufficient mice relative to nTg/Arg1 insufficient mice (p = 0.003) and the main effect of APP genotype (p = 0.036) (Figure 4C). We also observed a trend for increased arginine comparing APP/Arg1 insufficient mice to APP/Arg1 sufficient mice (p = 0.095) (Figure 4C). Overall, hemizygous deletion of Arg1 in myeloid cells modestly decreased total ARG1 expression and increased arginine levels during brain amyloidosis.




Figure 4 | Hemizygous deletion of Arg1 in myeloid cells reduced total Arg1 and Ragulator-Rag complex components during brain amyloidosis. We measured Arg1 mRNA by qRT-PCR, ARG1 protein by western blotting, and its catabolizing substrate arginine by LC-MS/MS. We also measured key Ragulator-Rag complex component proteins critical for microglial phagocytosis by western blotting. Mouse brain samples used were comprised of four experimental groups: nTg/Arg1+/+/LysMcreTg/+, nTg/Arg1fl/+/LysMcreTg/+, APP+/−/Arg1+/+/LysMcreTg/+, APP+/−/Arg1fl/+/LysMcreTg/+. (A) Quantification analysis of qRT-PCR data for Arg1 mRNA that was normalized to β-actin. (B) Quantification analysis of western blot data for ARG1 protein. (C) Quantification analysis of LC-MS/MS data for amino acid arginine. (D) Representative images of western blotting for ARG1, LAMTOR2, LAMTOR3, LAMTOR4, and RAG (A) (E–H) Quantification analysis of LAMTOR2 (E), LAMTOR3 (F), LAMTOR4 (G) and RAG A (H) from images in (D). For mice in each group, n = 8–10 for nTg/Arg1+/+/LysMcreTg/+, n=8-10 for nTg/Arg1fl/+/LysMcreTg/+, n=6-7 for APP+/−/Arg1+/+/LysMcreTg/+, n=7-9 for APP+/−/Arg1fl/+/LysMcreTg/+. Asterisk sign (*) denotes statistical significance observed for the main effect of APP genotype and associated pairwise comparisons. The number sign (#) denotes statistical significance observed for the main effect of Arg1 insufficiency genotype and associated pairwise comparisons. Ampersand sign (&) denotes statistically significant interaction between APP genotype and Arg1 insufficiency genotype. */#p <  0.05; **/&&p <  0.01; ###p < 0.001. Two-way ANOVA followed by pairwise comparisons. Values represent mean ± SEM.





Ragulator-Rag Complex Critical for Microglial Phagocytosis Is Increased During Amyloidosis and Blunted in Arg1 Insufficient APP Mice

Several key studies using different models reported that several components of the Ragulator-Rag complex, namely LAMTOR2, LAMTOR3, LAMTOR4, and RAG A were essential regulators for maintaining normal lysosomal activity and microglial phagocytosis; loss of functions inhibit phagocytic digestion, even after engulfment of neuronal debris (38, 39). Therefore, we measured the expression of LAMTOR2, LAMTOR3, LAMTOR4, and RAG A by western blot. Densitometry analysis showed that APP/Arg1 sufficient mice had increased expression in LAMTOR4 (p = 0.005), RAG A (p = 0.002) and increased trend of LAMTOR2 (p = 0.095) and LAMTOR3 (p = 0.053) relative to nTg/Arg1 sufficient mice (Figures 4D–H). However, this effect was blocked in APP/Arg1 insufficient mice compared to APP/Arg1 sufficient mice. Importantly, the APP/Arg1 insufficient mice had reduced expression in LAMTOR2 (p = 0.031), LAMTOR3 (p = 0.001), LAMTOR4 (p = 0.022) and RAG A (p = 0.012) compared to APP/Arg1 sufficient mice, thus resulted either trending or significant interactions between APP and Arg1 insufficiency genotypes on LAMTOR2 (p = 0.098), LAMTOR3 (p = 0.002), LAMTOR4 (p = 0.008), and RAG A (p = 0.002), respectively (Figures 4E–H). Despite increased microglia activation measured by IBA1 and CD68, these data strongly suggest that several components of the Ragulator-Rag complex are up-regulated during amyloidosis and reduced with Arg1 insufficiency, indicating a potential deficit in microglial digestion machinery.



Arg1 Repression and Arginine Supplementation Impair Microglia Phagocytosis In Vitro

Two in vitro methods were employed to determine if arginine metabolism impacts microglia phagocytic function measured by pHrodo phagocytosis assay. Fluorescent green E. coli bioparticle conjugates are presented to phagocytic cells and green fluorescence increases as pH decrease from neutral cytoplasm to the acidic lysosome. The phagocytic activity of cells is measured based on the acidification of the bioparticles as they are ingested by phagosomes (pH 6.1–6.5) and digested by phagolysosomes (pH 5.0–5.5) (40). We detected green fluorescence by flow cytometry and calculated the phagocytosis index (%) based on the percentage of pHrodo green fluorescence. First, we employed an immortalized rat microglial HAPI cell line due to high endogenous Arg1 expression. Naïve HAPI cells without siRNAs and bioparticles served as a negative control for green fluorescence detected at an average of 0.2% (Figures 5A, B, I). HAPI cells treated with siGLO-Green without bioparticles was designed as a positive control for measuring cellular uptake of siRNAs and green fluorescence, which detected at an average of 100% (Figures 5C, D, I). After treating cells with bioparticles, cells transfected with non-targeting siRNA (siRNA-NT) showed an average of 76% phagocytosis index (Figures 5E, F, I). However, Arg1 siRNA (siRNA-Arg1) transfected cells only showed a phagocytosis index at an average of 47.3%, much lower than cells transfected with siRNA-NT, suggesting that Arg1 repression impaired phagocytosis in HAPI rat microglial cells (Figures 5G, H, I). Second, we treated primary rat microglia at control (basal arginine concentration at 0.7 mM), 3 mM arginine, and 10 mM arginine in the culture medium followed with pHrodo phagocytosis assay. Cells were gated for total and high pHrodo green fluorescence (GFP Total and GFP High) representing the different extent of phagocytosis activity (Figures 5J–R). Although the average of GFP Total phagocytosis index was similar among control (88.9%), 3 mM (89.8%), and 10 mM (85%) of arginine, the average of the GFP High phagocytosis index showed larger differences among control (78.4%), 3 mM (77.8%), and 10 mM (30.5%) of arginine (Figure 5S). Thus, we observed a dramatic 47.9% reduction in GFP High phagocytosis index with 10 mM arginine compared to the control condition (Figure 5S). Interestingly, 3 mM arginine showed an equivalent GFP High phagocytosis index compared to the control condition (Figure 5S). A representative histogram of pHrodo green fluorescence clearly showed only the 10 mM arginine treated cells had two small peaks of GFP fluorescence, indicating fewer bioparticles were delivered to the final stage of phagolysosome (Figure 5T). Collectively, reduced arginine metabolism induced either by Arg1 repression or arginine supplementation impairs microglial phagocytosis in vitro.




Figure 5 | Arg1 repression by siRNA and arginine supplementation decreases phagocytosis in rat microglial cells. We transfected siRNAs in HAPI rat microglia cells with siGLO-Green, non-targeting siRNA (siRNA-NT), Arg1 siRNA (siRNA-Arg1), and performed pHrodo phagocytosis assay. (A–H) Representative flow cytometry gating analysis is shown in dot plots for naïve cells (A, B), siGLO-Green transfected cells (C, D), siRNA-NT transfected cells (E, F), and siRNA-Arg1 transfected cells (G, H). Naïve cells were not treated with fluorescent green E. coli bioparticle conjugates and served as a negative population for green fluorescence. Cells transfected with siGLO-Green siRNA were used as positive controls for both siRNA transfection efficiency and green fluorescence. (I) Quantification analysis of the percentages of green fluorescence from pHrodo phagocytosis assay. pHrodo phagocytosis assay was also performed using primary rat microglia that were incubated with basal arginine (Control, 0.7 mM), 3 mM arginine, and 10 mM arginine. (J–R) Representative flow cytometry gating analysis is shown in the histogram and dot plots for the cells from Control (J–L), 3 mM arginine (M–O), and 10 mM arginine (P–R). (S) Quantification analysis of the percentages of pHrodo green fluorescence (GFP Total and GFP High). (T) Representative overlapping histogram analysis for each condition. Naïve cells were not treated with fluorescent green E. coli bioparticle conjugates and thus served as a negative population for green fluorescence. n = 2 independent experiments. The average values from each group are calculated. Values represent mean ± SD.






Discussion

In the present study, we found that the haploinsufficiency of Arg1 in myeloid cells in a mouse model of amyloidosis increased Aβ deposition, activated microglia, and impaired behavioral performance. Mechanistic studies suggest that impaired phagocytosis secondary to reduced Arg1 could contribute to Aβ deposition. Overall, we provided evidence that APP/Arg1 insufficiency increased more diffuse Aβ deposits measured by total Aβ and Aβ 42, and also stimulated microglial activation via CD68 and IBA1. The Arg1 insufficiency in APP mice precipitated more behavior impairment evidenced by more anxiety, more exploratory behavior, and decreased fear associated memory. Importantly, the Ragulator-Rag complex was activated during amyloidosis perhaps as a compensatory response to improve microglial phagocytosis and degradation of Aβ. However, reduced Ragulator-Rag complex in APP mice with Arg1 insufficiency during amyloidosis indicated that arginine metabolism has an unappreciated role in executing this function at the level of the lysosome. Finally, we showed in vitro evidence that decreased Arg1 expression or increased arginine levels could inhibit microglial phagocytosis. Collectively, these data support the overall concept that Arg1 insufficiency in myeloid cells exacerbates amyloidosis induced neuropathology possibly by activating microglia and impairing phagocytosis.

Two isoforms of arginase consisting of cytosolic ARG1 and mitochondrial ARG2 were reported to be increased in the frontal cortex of AD patients (11, 21, 41). Additionally, a rare allele of ARG2 in males showed increased risk of developing early-onset AD (21). In AD mouse models of amyloidosis, increased Arg1, but not Arg2, was associated with Aβ deposition (16, 41). Although using DFMO or L-norvaline inhibited arginase 1 and 2 and reduced amyloid deposition in AD mouse models, these compounds both non-specifically inhibit other important targets to reduce amyloid pathology (16, 42). Previously we showed that overexpression of Arg1 in the CNS of rTg4510 tau transgenic mice decreased neuroinflammation, reduced tau pathology, and myeloid Arg1 knockout mice signified a distinct microglial phenotype that promoted tau pathology (17). This is consistent with another study that reported Arg1 positive microglia participated in clearing Aβ plaques during IL-1β mediated inflammatory response (24). In the current study, by using conditional LysMcre deletion in APP Tg2576 transgenic mice, we are the first to measure the specific effect of reducing Arg1 in myeloid cells in responding to amyloidosis. Our results showed that reduced Arg1 levels in LysM positive cells promoted amyloidosis in CNS. Therefore, we argued that the Arg1 expression in myeloid cells was predicted to be a compensatory response to restrict amyloidosis in AD. The Arg1 promoted the reparative role of macrophages and studies showed neurodegeneration was accelerated in Arg1 global deletion and myeloid Arg1 knockout mice (43). However, although there is a lack of studies in AD mouse models regarding Arg2, Arg2 knockout mice showed neuroprotective effects and reduced neurodegeneration in acute models of retinal injury (44, 45). These studies suggest a distinct role of Arg2 in CNS diseases (46). We also know that knocking out Arg1 was lethal in mice due to hyperammonemia caused by arginase deficiency, whereas the Arg2 knockout mice had intact phenotypes and Arg1/Arg2 double knockout mice exhibited the same arginase deficiency phenotype as the Arg1 single knockout mice (47, 48). Although myeloid Arg2 was initially reported to be less involved in immune responses, recent findings suggest that arginase isoforms in myeloid cells may play crucial regulatory roles in immune response (49, 50). It remains interesting for future studies to investigate the immunological role of myeloid arginase 2 in association with AD.

The lysosome-associated protein CD68 in microglia was often assumed to represent enhanced phagocytosis upon Aβ stimulation in AD (51, 52). However, recent work identified lipid droplet accumulating microglia (LDAM) as having phagocytic deficits but show phagosome maturation among the top regulated pathways from LDAM transcriptome. Importantly, LDAM was found to have upregulated endosomal/lysosomal genes including CD68 in BODIPY positive (lipid droplets) microglia (53). Other reports showed that the Ragulator-Rag complex regulates phagocytic flux in zebrafish, and zebrafish lacking functional Ragulator-Rag complexes (i.e. LAMTOR4, RAG A) promoted and expanded lysosomal compartments but were unable to appropriately digest neuronal debris (38). Therefore, this urges certain caution in the appearance of increased lysosomal activity/biogenesis or expanded lysosomal components such as CD68 that may actually indicate improper system functioning or uncoupling of the phagocytosis/digestion process. Interestingly, another report identified three members of the Ragulator complex (LAMTOR2, 3, 4), RAG A, and NRPL2 (GATOR1 complex) as regulators of phagocytosis (39). The authors showed that CRISPR knockout of Ragulator components (LAMTOR2, 3, 4) and RAG A inhibited phagocytosis, whereas knockout of NRPL2 increased phagocytosis (39). In our study, we found increased LAMTOR2, 3, 4, and RAG A in APP/Arg1 sufficient mice, suggesting that Aβ deposition induces Ragulator complex machinery possibly for enhanced phagocytosis. However, Arg1 haploinsufficiency in myeloid cells blocked this induction in APP mice. Our in vitro experimental findings also indicated Arg1 suppression via siRNA in microglial cells reduced phagocytosis, providing potential mechanism for the in vivo findings. One result of reduced Arg1 is increased arginine. We also demonstrated that arginine supplementation in primary microglia reduced phagocytosis. Thus, arginine and Arg1 levels impact phagocytic/digestive function. Collectively, this argues that amyloidosis triggers expression in key Ragulator–Rag complex components critical for lysosomal digestion and that proper Arg1 function may be required for this response.

Recent studies with microglia/macrophage markers using single cell RNA-sequencing (scRNA-seq) distinguished brain resident microglia from CNS infiltrated myeloid cells (monocytes/macrophages) (54). The Lyz2 gene increases in active microglial subpopulations particularly during phases of demyelination/remyelination, and associates with Trem2 independent microglia activation (55, 56). Since the myeloid marker gene Lyz2 targets both macrophages and microglia, the observed consequence of exacerbated amyloidosis from the current study were possibly attributed to the deficiency of Arg1 in both brain resident microglia and CNS infiltrated macrophages. Furthermore, as one of the earliest groups utilizing peripheral myeloid cells (monocytes/macrophages) to restrict amyloidosis in AD mouse models, we and others discovered that peripheral monocytes/macrophages were recruited to the sites of Aβ deposition in the brain to phagocytose Aβ plaques and oligomers (25, 26, 57). Together with resident microglia, infiltrated macrophages promoted degradation of cerebral Aβ (58, 59). Recent studies showed Arg1 played an essential role in efferocytosis of apoptotic cells in primary microglia/macrophage (60, 61). Consistent with the previous report, our current study aligns with the phagocytic process. Therefore, Arg1 in brain myeloid cells may have dual roles in removing Aβ plaques by phagocytosis and apoptotic neurons through efferocytosis. Nevertheless, future efforts are warranted to further distinguish the role of Arg1 in brain resident microglia from infiltrated peripheral macrophages in responding to amyloid deposition.

In the past several years, emerging studies reported the antibacterial enzyme lysozyme 2 was also expressed in neurons in addition to myeloid cells, thus complicating the interpretation of results using LysM-Cre mice in studying CNS diseases (62). In one study, researchers found LysM-Cre-driven tdTomato expressed in less than 25% of microglia, but also observed LysM-Cre-driven MeCP2 expression in neurons from several brain regions (63). In another study, researchers found LysM-Cre-tdTomato positive cells were on average account for less than 30% in both microglia and neurons, but could be exclusively expressed in neurons in certain brain regions (64). Most recently, LysM-Cre-tdTomato was confirmed to efficiently target nearly 40% of microglia/macrophages and surprisingly found to also target nearly 10% of neurons (65). Therefore, the expected LysM-Cre specificity in microglia/macrophages and the unexpected LysM-Cre specificity in neurons indicate two limitations in the current study. Indeed, both neurons and microglia are critically involved in AD pathogenesis.

Firstly, all four groups of mice shared the same LysMcreTg/+ genetic background in which the endogenous Lyz2 gene was disrupted due to the insert of Cre recombinase (66). The lysozyme was previously reported to show protective properties in amyloid pathology by interacting with Aβ species to reduce Aβ aggregation, and localizing in sites of Aβ plaques in AD brains (67–69). The lysozyme level was also found increased in the CSF of AD patients, presumably produced mainly by brain myeloid cells (67). This assumption was recently confirmed by studying Aβ plaque-associated microglia using scRNA-seq. Converging studies pointed out that Lyz2 was one of the commonly induced microglial genes by disease-associated microglia (DAM) and microglial neurodegenerative phenotype (MGnD), suggesting the microglial expression of Lyz2 played an important role in responding to Aβ stimulus in AD mouse models of amyloidosis (55, 70, 71). These findings argue that Lyz2 gene is mainly expressed in CNS myeloid cells rather than other CNS cells, which could be confirmed in the summarized RNA-seq data website “The Myeloid Landscape 2” (72). Purified CNS cell types showed both human Lyz and mouse ortholog Lyz2 only significantly expressed in CNS myeloid cells rather than other CNS cell types including neurons (GSE73721, GSE52564, GSE75431). It remains unknown if one allele deletion of Lyz2 in our study impacts the function of DAM/MGnD microglial signatures in reacting to amyloidosis. However, the same Lyz2 deficient genotype shared with all mouse groups further lessens this concern.

Secondly, although the exact function of Lyz2 in neurons is not clear and Lyz2 is not dominantly expressed in neurons, we cannot exclude the fact that LysM-Cre recombination reduced Arg1 expression in neurons to a certain extent in our study. Previously we reported that overexpressing Arg1 through pseudotyped AAV9 with neuronal tropism in the hippocampus of rTg4510 tau transgenic mice decreased several neuronal tau pathologies and suggested to increase autophagy through decreased mTORC1 signaling (17). One reason is that overexpression of Arg1 could deplete cellular arginine and eventually decrease arginine sensing mTORC1 activation. In the current study, we inferred that decreased Arg1 in LysM-Cre neurons could accumulate cellular arginine to activate mTORC1 signaling by arginine sensing mechanisms, thus inhibit autophagy activities. Reduced autophagy in neurons had decreased capacity to degrade intracellular Aβ aggregates, further exacerbated the amyloid pathology in conjunction with Arg1 deficient myeloid cells. For future studies, myeloid specific mouse models like Cx3cr1-CreERT2 and Tmem119-CreERT2 should be applied to target monocytes/macrophages and resident microglia, respectively (73–75).

Although arginine and Arg1 comprise of a general arginine metabolism pathway, based on the recent identification of amino acid sensors and signaling components, it remains possible that arginine and Arg1 act through different mechanisms to affect phagocytosis and degradation. For example, differential mechanisms could result from cytoplasmic arginine depletion/repletion, lysosomal acidification, and GPCR extracellular signaling; however, further studies are required to elucidate whether these emerging pathways converge or remain independent. Key findings reported arginine signaling through the lysosomal transporter SLC38A9-Ragulator-Rag-mTORC1 axis and CASTOR1-Ragulator-Rag-mTORC1 axis, both of which activate downstream mTORC1 signaling and inhibit autophagy (76). In our study, APP/Arg1 insufficient mice showed increased CD68 expression in HPC and ECX compared to APP/Arg1 sufficient mice and nTg/Arg1 insufficient mice, suggesting that amyloidosis and Arg1 deficiency promoted CD68 expression. However, given the relationship between ARG1-arginine and arginine-Ragulator-Rag-mTORC1-axis, it is possible that myeloid-specific demands for Arg1 are required in response to amyloidosis and that uncoupling of phagocytosis/digestion initiates increased Aβ deposition. During certain types of inflammation, myeloid/microglia cells launch iNOS and Arg1 temporally, spatially or even simultaneously, which is thought to provoke either M1 or M2 phenotype to facilitate the clearance of debris and would repair (77). Given this, both enzymes deplete arginine levels, which could essentially promote phagocytosis from both pro and anti-inflammatory states. However, the balance of these enzymes in myeloid/microglial cells in response to amyloidosis may be critical in precipitating the AD phenotype. This is evident in work by Kan et al., which argues that excessive Arg1 also promotes amyloidosis in a NOS2 null background (16). Probably, Arg1 and NOS2 activities, their respective byproducts, and arginine depletion/repletion are temporally critical regarding microglial response to amyloidosis.

Overall, our findings imply that the haploinsufficiency of Arg1 in myeloid cells during amyloidosis exacerbates AD-like neuropathology, neuroinflammation, and behavioral deficits. It remains unclear as to the exact mechanism of how Arg1 or arginine governs phagocytic-digestive function. However, emerging evidence may suggest arginine signaling to mTORC1. Sustained Arg1 would essentially deplete local arginine levels permitting activation of autophagy through mTORC1 inhibition. Therefore, proper Arg1 levels in microglia/myeloid cells become critical for activating phagocytic responses during challenges such as amyloidosis. While failure to mount sustained Arg1 during the Aβ challenge could result in local arginine accumulation and phagocytic dysfunction. Importantly, arginine sensors could serve as new therapeutic targets to rebalance failed phagocytic function during amyloidosis or other disorders associated with immune function.
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Peroxisome proliferator-activated receptor (PPAR)-δ is a nuclear receptor that functions to maintain metabolic homeostasis, regulate cell growth, and limit the development of excessive inflammation during immune responses. Previously, we reported that PPAR-δ-deficient mice develop a more severe clinical course of experimental autoimmune encephalomyelitis (EAE); however, it was difficult to delineate the role that microglia played in this disease phenotype since PPAR-δ-deficient mice exhibited a number of immune defects that enhanced CNS inflammation upstream of microglia activation. Here, we specifically investigated the role of PPAR-δ in microglia during EAE by using mice where excision of a floxed Ppard allele was driven by expression of a tamoxifen (TAM)-inducible CX3C chemokine receptor 1 promoter-Cre recombinase transgene (Cx3cr1CreERT2: Ppardfl/fl). We observed that by 30 days of TAM treatment, Cx3cr1CreERT2: Ppardfl/fl mice exhibited Cre-mediated deletion primarily in microglia and this was accompanied by efficient knockdown of Ppard expression in these cells. Upon induction of EAE, TAM-treated Cx3cr1CreERT2: Ppardfl/fl mice presented with an exacerbated course of disease compared to TAM-treated Ppardfl/fl controls. Histopathological and magnetic resonance (MR) studies on the spinal cord and brains of EAE mice revealed increased Iba-1 immunoreactivity, axonal injury and CNS tissue loss in the TAM-treated Cx3cr1CreERT2: Ppardfl/fl group compared to controls. In early EAE, a time when clinical scores and the infiltration of CD45+ leukocytes was equivalent between Cx3cr1CreERT2: Ppardfl/fl and Ppardfl/fl mice, Ppard-deficient microglia exhibited a more reactive phenotype as evidenced by a shorter maximum process length and lower expression of genes associated with a homeostatic microglia gene signature. In addition, Ppard-deficient microglia exhibited increased expression of genes associated with reactive oxygen species generation, phagocytosis and lipid clearance, M2-activation, and promotion of inflammation. Our results therefore suggest that PPAR-δ has an important role in microglia in limiting bystander tissue damage during neuroinflammation.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic, autoimmune-based neurodegenerative disease that affects more than 2.5 million people worldwide (1). The majority of MS patients initially present with a relapsing-remitting form of this disease (RRMS) where acute inflammatory episodes are interspersed with periods of disease remission (1). These acute episodes of inflammation correlate with the invasion of T cells and monocytes into the submeningeal and perivascular spaces in the CNS white matter, which is associated with microglia activation, activation of blood brain barrier endothelium, demyelination, and axonal injury (1, 2). With time, the neuronal injury elicited by repeated autoimmune attacks and the gradual seeding of immune cells under the meninges triggers chronic microglia activation and neuronal loss resulting in CNS atrophy and disability progression (3, 4).

Experimental autoimmune encephalomyelitis (EAE) is the most common animal model of MS (5). EAE has been instrumental in modeling the sequence of autoimmune events that lead to myelin and neuronal damage in MS (5). Studies in EAE have also revealed the many roles of microglia in CNS inflammatory and repair processes in this disease (6). While microglia are not considered to be efficient at antigen presentation (7), these cells are crucial to the onset of EAE, since ablation of microglia prevents disease development (8). In EAE, microglia sense immune cell infiltration and damage in the CNS via expression of cytokine receptors and purinergic receptors and, in response to these cues, adopt a more active phenotype (9). As part of this activation process, microglia retract their processes, proliferate (10), and upregulate the phagocytic and antigen presenting machinery and expression of inducible nitric oxide synthase (iNOS) and proinflammatory mediators (6, 11). In addition to these pro-inflammatory activities, microglia are also crucial for healing within lesions via the phagocytic clearance of myelin debris (12). This process of phagocytosis is considered to be a “double-edged sword,” since it is accompanied by an oxidative burst and production of reactive oxygen species (ROS) that can be damaging to myelin and axons (12). Microglia and macrophage production of ROS and reactive nitrogen species are major contributors to neurodegeneration in EAE and MS (13, 14).

PPAR-δ is a member of the PPAR family of nuclear receptors. This transcriptional regulator is ubiquitously expressed and plays diverse roles in regulating cellular metabolism, proliferation and inflammation in the host (15). Previously, it was reported that whole-body deficiency of PPAR-δ in mice resulted in the development of a more progressive form of EAE (16, 17). However, it was difficult to discern how much microglia contributed to this phenotype, since PPAR-δ deficient mice exhibited a number of immune defects that operate upstream of microglia activation in EAE, including the enhanced production of IL-12p40 and IL-6 by spleen macrophages (16), increased lymphopenia and associated memory T cell formation (18), enhanced dendritic cell priming of T helper (Th) cells (19), and heightened IFN-γ and IL-17 production by Th cells (16, 17).

Here, we specifically assessed the role of PPAR-δ in microglia in EAE by generating mice where excision of a floxed Ppard allele was driven by a TAM-inducible Cx3cr1CreERT2 promoter (Cx3cr1CreERT2:Ppardfl/fl). We induced EAE in Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl mice at 30 days following TAM treatment, a time when the expression of the Cre transgene was most prominent in microglia. We observed that Cx3cr1CreERT2:Ppardfl/fl mice developed a similar onset of EAE as compared to Ppardfl/fl controls; however, in the post-acute phase of disease, the clinical scores remained elevated in the male Cx3cr1CreERT2:Ppardfl/fl mice, while male Ppardfl/fl controls regained hindlimb function. Histological analysis of the spinal cord showed that Cx3cr1CreERT2:Ppardfl/fl mice, regardless of sex, exhibited enhanced myelin and axon injury compared to Ppardfl/fl counterparts. In situ analysis coupled with flow cytometry, and gene profiling studies showed that PPAR-δ-deficiency in microglia was associated with a shift away from a homeostatic microglia phenotype and heightened expression of genes associated with ROS generation, phagocytosis and lipid clearance, M2-activation, and promotion of inflammation. Together, these results demonstrate that PPAR-δ operates in microglia to limit the development of excessive CNS tissue damage during neuroinflammation.



MATERIALS AND METHODS


Mice and Ethics

Mice that have a targeted neomycin disruption of the final exon of the PPAR-δ gene (Ppard−/−) have been described previously (20). These mice express a truncated unstable Ppard transcript and undetectable PPAR-δ protein levels. Homozygous mutant mice on a mixed SV.129/C57BL/6 background (estimated two generations to C57BL/6) (16) were crossed an additional 6 generations to C57BL/6. Heterozygotes were used to develop the homozygous Ppard−/− and Ppard+/+ mice used for microglial cultures. Mice with a microglia-enriched deletion of PPAR-δ were generated by crossing mice that express a floxed exon 4 of the PPAR-δ gene (21) (Ppardfl/fl; Jackson Laboratory) with transgenic mice carrying a tamoxifen-inducible Cre-ERT2 fusion protein and a constitutively-expressed enhanced yellow fluorescent protein (EYFP) driven by the endogenous Cx3cr1 promoter (Cx3cr1CreERT2, Jackson Laboratory) (22). Mice heterozygote for Cx3cr1CreERT2 and homozygous for the floxed PPAR-δ allele (Cx3cr1CreERT2:Ppardfl/fl) were identified in the F2 generation and were crossed with homozygote Ppardfl/fl mice to generate littermate Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl mice for use in experiments. Cx3cr1CreERT2 mice were also crossed to mice expressing td-Tomato preceded by a floxed stop codon under the control of the Rosa26 locus (R26-td-Tomato, #07909) (23) to evaluate recombination efficiency in microglia and other myeloid cell populations. PCR genotyping of tail DNA was performed for Ppard−/− mice as previously described (16) and for all other mice using the Jackson Laboratory master protocols. Mice were housed within a specific pathogen-free facility at the University Health Network and St. Michael's Hospital. Experiments were performed under animal use protocols (AUPs 2863, 5937 at UHN or #994 at St. Michael's hospital) that were approved by site-specific animal ethics committees.



Isolation and Culture of Primary Microglia

Microglia were isolated from the brain and spinal cords of 5–7 weeks old mice according Ponomarev et al. (24) with the following modifications. Instead of homogenization, CNS tissue was scissor-minced in 1 × HBSS (1.5 mL/brain and spinal cord) and digested with Clostridium histolyticum collagenase type IV (300 U/mL final) + 5 U/ml DNAse (Sigma) for 30 min prior to filtration through a 70 micron sieve. Isolated microglia cells were plated in 12-well plates (0.25 × 106 cells per well) in complete DMEM (Cellgro) (containing 10% FCS, 2 mM glutamine, 50 μM 2-mercaptoethanol, 50 μg/ml gentamicin, all from Life Technologies) that also contained 10 ng/ml macrophage colony-stimulating factor (M-CSF) (R&D Systems). Microglia were expanded as described (24), with the exception that at the time of the first passage, cells were detached from the plate using a cell scraper and were purified using EasySep™ Mouse CD11b Positive Selection Kit (STEMCELL Technologies) prior to further expansion in 12-well plates (0.1 × 106/well) in complete DMEM containing M-CSF (10 ng/ml). Cultured microglia were used for experimental studies after 2 or 3 passages.



In vitro BrdU Incorporation and CFSE Dilution Assays

For BrdU incorporation assays, cultured microglia were resuspended in complete DMEM containing 10 ng/ml M-CSF and were cultured (0.1 × 106/well) in 24 well plates with 0.1 mM BrdU for 24 or 48 h. For CFSE dilution assays, microglia were labeled with 0.434 μM CFSE in 37°C 1 x PBS for 20 min (Thermofisher) according to the product directions and were cultured in complete DMEM containing 10 ng/ml M-CSF at 37°C for 24, 48, and 72 h. At the appropriate time point, cells were detached from plates, were washed with FACS buffer (1 × PBS with 2% FCS) and then stained and analyzed by flow cytometry as follows.

All staining steps were performed at 4°C in the dark, centrifugation steps were all at 524 × g or 5 min at 4°C, and staining volumes were 100 μl. Cells (1 × 106/stain) were first blocked with anti-CD16/CD32 (5 μg/ml) (ThermoFisher) in FACS buffer. Cells were washed in 200 μl FACS buffer and then stained for 30 min in FACS buffer containing anti-mouse CD11b (M1/70, ThermoFisher), CD45 (30-F11 ThermoFisher) and Fixable Viability Dye eFluor506 (diluted 1:1,000, ThermoFisher). Intranuclear staining for BrdU was measured using the APC BrdU kit (BD Bioscience). Cells were washed twice with FACS buffer prior to flow cytometry acquisition. Data were analyzed using Flowjo (Flowjo LLC).



Microglia Stimulation in vitro

For microglia activation studies, cells were harvested from plates and were resuspended in complete DMEM without M-CSF, and then plated in triplicate on to 96-well flat bottom plates at a density of 25,000 cells/well in the presence of the Th1 cytokine IFN-γ (150 U/mL) (Thermofisher). The following day, 10 ng/ml LPS (Sigma) or equivolume media was added to the cultures. Supernatants were harvested at 6 h or 24 h. ELISA kits were used to measure prostaglandin E2 (Cayman Chemical, Cat#500141) and CXCL10 (Thermofisher, Cat # BMS6018), RANTES (ThermoFisher, Cat#KMC1031), and cytokines (Ready-Set-Go ELISA kits, Thermofisher) in culture supernatants. Nitrite levels were assessed by Griess assay on 24 h supernatants (25) with absorbance of the dye measured at 560 nm. To ensure that equivalent cell numbers were plated, at the end of the experiment, supernatants were removed and replaced with 50 μl of crystal violet solution (0.5% crystal violet, in methanol) (Sigma) for 15 min at room temperature. Cells were then washed with tap water, the incorporated dye solubilized with sodium citrate solution (0.1 M in 50% ethanol), and the absorbance was read at 560 nm.



Tamoxifen Treatment

TAM (Sigma) was solubilized in ethanol and diluted ten-fold in corn oil for a final concentration of 100 mg/mL and was heated to 55°C and agitated periodically until the powder was completely dissolved. Mice (6 weeks of age) were gavaged twice with 100 μl using a ball-tipped 1.5 inch 20 G feeding needle, with each dose spaced by 2 days. Experiments were initiated after a minimum of 30 days post-TAM treatment.



FACS Sort of Microglia for Analysis of Gene Expression

For real-time analysis of Ppard expression in microglia, total CNS mononuclear cells were isolated from the brains and spinal cords of TAM-treated Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl mice by collagenase digestion followed by centrifugation through a discontinuous Percoll gradient (16). Cells were stained with CD11b and CD45 antibodies and DAPI and CD11b+CD45loDAPI− cells were sorted to purity using a MoFlo XDP Cell sorter (Beckman Coulter). For real-time PCR, RNA was isolated using an RNeasy Miniprep Kit (Qiagen). Total RNA (100 μg) was reverse transcribed to cDNA using SuperScript III reverse transcriptase (Invitrogen) and cDNA abundance was analyzed by real-time PCR using Roche SYBR Green I master mix and sequence specific primers as described previously (19).

For RNA sequencing studies, N = 9 TAM-treated male Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl mice per group were euthanized at 2–4 days post-onset of disease. Mice were matched for disease duration and clinical scores. N = 3 spinal cords were pooled together per sample and CNS mononuclear cells were isolated and microglia were FACS sorted from mononuclear cells as described. RNA was isolated from sorted microglia using the PicoPure™ RNA Isolation Kit (Thermo Fisher Scientific). RNA quality was evaluated using the 2100 Bioanalyzer (Agilent) and samples with RIN numbers > 7 were submitted for sequencing and analysis at the UHN Bioinformatics and HPC Core, Princess Margaret Cancer Center. Samples were analyzed using the Tuxedo package (26). In brief, samples were aligned to the mouse reference genome GRCm38 using HISAT2, transcript assembly was performed with Stringtie, and differential gene expression analysis was performed with ballgown. Raw and processed data were deposited in Geo (accession number GSE164702). A two-tailed Mann-Whitney test was also performed to expand the list of differentially-expressed genes (DEGs) to support functional annotation analysis in DAVID (https://david.ncifcrf.gov).



EAE Induction and Clinical Scoring

EAE was induced after a minimum of 30 days post TAM administration by subcutaneous immunization at two sites of the chest with an emulsion that contained 100 μg MOG p35-55 (Genemed Synthesis) and Complete Freund's Adjuvant containing 200 μg of heat-killed Mycobacterium tuberculosis (H37RA, Difco Laboratories). Mice were also injected with Bordetella pertussis toxin (PTX) (List Biologicals, dose used was lot-dependent, but varied between 100 and 250 ng) on days 0 and 2 following immunization. Mice were examined daily for clinical signs of EAE using a five point scale: (0) no clinical signs; (1) limp tail; (2) hindlimb or foot weakness; (3) complete hindlimb paralysis in one or both hindlimbs; (4) hindlimb paralysis plus some forelimb weakness; (5) moribund or dead. Mice that died from EAE were assigned a score of five daily until the end-point of the experiment.



Measuring Myelin-Specific Responses in T Cells During EAE

Spleens were isolated from mice at 9 days post-immunization with MOG p35-55/CFA and were dissociated into a single cell suspension as described previously (16). Cells were resuspended in complete RPMI, were counted, and plated in 96 well plates (0.5 × 106/well) together with 0, 2, 5, and 10 μg/ml MOG p35-55. Cytokines were measured in culture supernatants at optimal time points (IFN-γ at 48 h, IL-17A at 72 h) using Ready-Set-Go ELISA kits (ThermoFisher). Proliferation was measured using a [3H]-thymidine incorporation assay as described previously (16). Cells were pulsed at 48 h of culture and were harvested 18 h later for measurement of radioactivity in counts per min using a beta counter.



Hematoxylin and Luxol Fast Blue Staining, Immunohistochemistry (IHC), and Immunofluorescence (IF)

Brains and spinal cords were isolated from mice, preserved in 10% neutral buffered formalin (Sigma), and processed in paraffin, and embedded in a single paraffin block (10–12 spinal cord and 6 brain sections/block). Cross-sections (5 μm) were cut (Center for Phenogenomics, Toronto, ON) and dually stained with hematoxylin and eosin (H&E) and Luxol Fast Blue (LFB) to visualize inflammatory/demyelinating lesions. Inflammation and demyelination were scored as described previously (19). IHC for mouse SMI-31 (Biolegend, Cat# 801601, 1:5,000) and SMI-32 (Biolegend; Cat #801701, 1:5,000) antibodies was performed as previously described using the mouse-on-mouse (M.O.M.) kit (Vectorlabs) (27). After incubation with secondary antibodies, sections were probed with streptavidin-HRP (ABC kit, Vectorlabs), developed with DAB (Vectorlabs), and counterstained with Meyer's hematoxylin. Sections were then dehydrated in successive ethanol baths, cleared in xylene, and mounted with Permount.

IF of microglia was performed as follows. Cross-sections of the thoracic spinal cord were de-waxed and subjected to heat-activated, citrate antigen-retrieval (10 mM trisodium citrate, 0.05% Tween 20, pH = 6), were washed in TBS and blocked in 10% Goat serum for 20 min at room temperature prior to incubation overnight at 4°C with rabbit anti-Iba-1 alone (1:8,000, ab178847, Abcam) or with a cocktail of mouse anti-Iba-1 (1:750, EMD Millipore, Cat # MABN92) and mouse anti-TMEM119 (1:100, Abcam, Cat # ab209064). The following day, sections were washed and probed with either goat, anti-rabbit Alexa 568 (1:1,000, Thermofisher) (in the case of rabbit anti-Iba-1), or a secondary antibody cocktail of Goat anti-Rabbit Alexa Fluor 488 (Cat # A11008, Thermo Fisher Scientific) & Goat anti-Alexa Fluor 555 (Cat # ab150118, Abcam) for dual detection of TMEM and Iba-1. Nuclei were stained with DAPI and slides were cover slipped using Vectashield Vibrance mounting medium (Vector Laboratories). Images were captured at 20 or 40 × using a Zeiss slidescanner (AxioScan.Z1).



Scoring of Inflammation, Demyelination, Axonal Injury and Loss

For measurement of axon injury, spinal cord cross-sections were imaged at 40 × using a microscope (model BX50) and camera (model, DP72, Olympus) and cellSens software (Standard 1.14, Olympus). Images were then opened in Fiji. All SMI-32+ ovoids detected in spinal cord section white matter (10–12/mouse) were counted using the count tool and this number was divided by the area of white matter area that was traced using the polygon tool in Fiji (27). Axon counting was done at the level of the thoracic spinal cord in male mice only. For this analysis, four images were captured (60 ×) in the anterior, posterior, and two sides of each spinal cord cross-section (2–3 sections per mouse). Images were opened in Fiji and individual SMI-31+ axons were manually counted in a 20,000 μm2 frame placed in the center each image. The number of axons was expressed per area of white matter sampled. Histological analyses were performed by an experimenter who was blinded to the identity of each treatment group.



Ex vivo MR Imaging of Mouse Brain and Spinal Cord Specimens

Mice were anesthetized using isoflurane and were transcardially perfused with 4% paraformaldehyde (PFA) fixative containing 2 mM Prohance (Bracco Diagnostics, Inc., NJ, USA) as described previously (28). Mice were decapitated and spinal cord and brains were prepared for MR (28). T2-weighted images were acquired using multi-channel 7.0 T, 40 cm diameter bore magnet (Varian Inc., Palo Alto, CA) with a custom-built 16-coil solenoid array was (29) (MICe, Hospital for Sick Children). The imaging protocol consisted of a 3D fast-spin echo sequence using a cylindrical k-space acquisition (30) with the following parameters: repetition time = 350 ms, echo time = 12 ms, echo train length = 6, four averages, field-of-view = 2.0 cm × 2.0 cm × 2.5 cm, matrix size = 504 × 504 × 630, isotropic image resolution = 40 μm.

For the brain images, an automated image registration approach using the advanced normalization tools deformation algorithm (31) was used to assess anatomical differences between groups (32). The images were iteratively registered together to produce a consensus average image of all of the scans. The registration yielded deformation fields for each individual brain, and the Jacobian determinants of these deformation fields provided an estimate of the local volume expansion/contraction at every voxel. In addition, a segmented anatomical atlas with 62 labeled structures (33) was registered to the average image using multiple templates of this segmented atlas (the MAGeT procedure) (34) and from the final voted segmentation, volume changes were calculated and expressed as absolute volumes (mm3). In addition, brain volumes were normalized to total brain volume and these relative volumes were compared between groups. Multiple comparisons were controlled for using the false discovery rate (FDR) (35) and statistical significance was defined at an FDR threshold of 10%. The scanned spinal cord images were examined using OCCIviewer (Sunnybrook Research Institute) to determine the anatomical location of the slices. The upper thoracic spinal cord (T1-T7) was maintained throughout all scans and spinal cord morphology was determined using the Allen Brain Atlas Data Portal. Next, the total spinal cord volume, total gray matter volume, and total white matter volume of the thoracic spinal cord region of interest for all mice was segmented using Amira (Thermo Fisher Scientific).



Sholl Analysis and Measurement of Microglia Iba-1 Staining Intensity

Scanned images of Iba-1/TMEM119/DAPI-stained 10 μm thoracic spinal cord sections (N = 3–4/mouse, N = 5 mice/group) were opened in Zen (Zeiss). For each mouse, two frames having dimensions of 300 × 150 μm were captured in areas adjacent to sites of submeningeal inflammation in the anterior spinal cord white matter. Iba-1+/TMEM119+ microglia that had a DAPI+ nucleus were manually counted in each frame. The peak intensity of Iba-1 fluorescence for each microglia cell was measured in Zen by placing a circular region of interest (ROI) (5 μm2 in area) over each microglia cell and then subtracting the background fluorescence measured when the same ROI was placed adjacent to the cell. Sholl analysis of microglia was performed as follows. Images of individual Iba-1-stained microglia cells that were also verified to be TMEM119+ and have a DAPI+ nucleus were converted to 8-bit images, opened in Fiji, and then thresholded. Processes from surrounding microglia were deleted manually. The line segment tool was used to draw a line from the center of each soma to the longest process, which provided the maximum process length in μm and provided the region of interest for the Sholl analysis plugin. The Sholl analysis plugin in Fiji (36) was used to measure the intersections at each Sholl radius with the first shell set at 5 μm and subsequent shells set at 2 μm step sizes. This analysis provided the critical radius (radius value from the center of the cell with the highest intersections), the process maximum (the highest number of intersections, regardless of radius value), and the number of primary branches (estimated as the number of primary branches at the first shell). The soma size was measured after manual tracing using the polygon tool. Analyses were performed by an experimenter who was blinded to the identity of experimental groups.



Flow Cytometric Analysis of CNS Mononuclear Cells

Mice were euthanized between 2 and 4 days after the onset of clinical symptoms and mice were matched for day of onset and clinical score. For BrdU incorporation assays, mice were also injected with 50 mg/kg BrdU i.p. for three consecutive days prior to cell isolation for flow cytometry. At endpoint, mice were perfused with 1 × PBS containing 5 U/ml heparin and mononuclear cells were isolated from the spinal cord and cerebellum as described above. For measurement of CD4+ T cell intracellular cytokine production, CNS mononuclear cells were incubated for 3.5 h at 37°C in complete RPMI that also contained 0.66 μl/ml GolgiStop™ (BD Bioscience) in the presence or absence of 10 ng/mL PMA (Sigma) and 535 ng/mL ionomycin (Cayman Chemical). To measure cytokine production by myeloid cells, cells were incubated for 5 h at 37°C in complete RPMI that contained GolgiStop™ (for IL-10 or IL-12p40) or GolgiPlug™ (BD Bioscience) (for IL-6) in the presence or absence of LPS (100 ng/mL, from E. coli, 055:B5, Sigma). Stimulated cells were centrifuged and washed twice in 1 × PBS prior to flow cytometry staining.

Flow cytometry staining for cell surface markers was done as described above using antibodies specific for the following markers (from ThermoFisher unless otherwise specified): B220 (RA3-6B2), CD4 (GK1.5), CD11b (M1/70), CD11c (N418), CD45 (30-F11), Gr-1 (RB6-8C5), Ly6G (1A8, BD Biosciences), I-A/I-E (M5/114.15.2, Biolegend). To assess intracellular cytokine production and levels of CD206 and iNOS, cells were fixed for 15 min with 4% PFA in 1 × PBS after staining for cell surface markers, washed, and then permeabilized in 1 × Perm/Wash Buffer (BD Bioscience) for 30 min prior to staining with relevant intracellular antibodies (from ThermoFisher unless otherwise specified): CD206 (C068C2, Biolegend), GM-CSF (MP1-22E9), IFN-γ (XMG1.2), IL-6 (MP5-20F3), IL-10 (JES5-16E3), IL-12p40 (C17.8), IL-17A (eBio17B7), iNOS (CXNFT), diluted in 1 × Perm/Wash buffer, washed twice in Perm/Wash, and resuspended in FACS buffer prior to flow cytometry acquisition. BrdU staining was conducted using the BrdU APC staining kit (BD Pharmingen). Data were analyzed using Flowjo (Flowjo LLC).




RESULTS


Cultured Microglia That Are Deficient in PPAR-δ Exhibit Proliferation Defects and Are More Pro-inflammatory Upon Activation in vitro With LPS

Activation of microglia and the release of pro-inflammatory mediators by these cells is important in mediating neuroinflammation and tissue damage in EAE and MS (37). Previously, it was reported that PPAR-δ has a role promoting an M2-activated phenotype and in limiting a pro-inflammatory phenotype in macrophages in other tissues including the liver, adipose tissue, and spleen (16, 38, 39). To explore whether PPAR-δ also regulates microglia phenotype, we isolated primary microglia cells from mice that exhibit whole body deficiency in PPAR-δ (Ppard−/−) and Ppard+/+ controls and expanded these cells in vitro in the presence of M-CSF. The number and purity of these cells was assessed by counting and CD45 and CD11b staining (see representative flow cytometry plots in Supplementary Figure 1A). We first observed that the recovery of microglia was consistently lower in Ppard−/− relative to Ppard+/+ microglia cultures (Supplementary Figure 1B). To gain insights into these growth deficits, after 2 passages, microglia were re-plated at a specific density and the proliferation of these cells to M-CSF was assessed by BrdU incorporation and CFSE-dilution assays (see representative staining in Supplementary Figure 1A). We observed that Ppard−/− microglia exhibited reduced BrdU incorporation at 24 h, but not 48 h as compared to Ppard+/+ microglia (Supplementary Figure 1C). Compared to Ppard+/+ microglia, a lower frequency of Ppard−/− microglia had divided by 48 h (Supplementary Figure 1D). In all cases, the viability and purity of microglia did not differ between Ppard+/+ and Ppard−/− groups (Supplementary Figures 1E,F). Together, these data suggest that PPAR-δ-deficiency results in the compromised growth of microglia in vitro in response to M-CSF.

To evaluate whether PPAR-δ-deficiency also altered the pro-inflammatory potential of microglia, in separate studies, microglia were evaluated for the production of soluble mediators in response to stimulation with the Th1 cytokine IFN-γ alone or IFN-γ plus LPS (Supplementary Figure 1). Compared with Ppard+/+ microglia, Ppard−/− microglia treated with IFN-γ secreted higher levels the pro-inflammatory lipid mediator prostaglandin E2 (Supplementary Figure 1H). When LPS was also added to the cultures, Ppard−/− microglia also exhibited higher production of a number of other pro-inflammatory mediators than Ppard+/+ microglia including CXCL10, IL-6, TNF, RANTES, and nitric oxide as detected by Griess assay (Supplementary Figures 1G–L). There was also a tendency for IL-12p40 to be higher in the Ppard−/− cultures (Supplementary Figure 1M). Therefore, consistent with the phenotype previously described for macrophages isolated from other tissues (16, 40), PPAR-δ-deficiency resulted in the enhanced production of certain pro-inflammatory mediators by microglia under M1-polarizing conditions.



Microglia Deficiency of PPAR-δ Worsens the Severity of EAE

In light of these findings supporting a role for endogenous PPAR-δ activity in microglia, we next explored how PPAR-δ-deficiency in microglia impacts the development of EAE. For these studies, we acquired mice that express tamoxifen (TAM)-inducible CreERT2 fusion protein and eYFP under the endogenous Cx3cr1 promoter (Cx3cr1CreERT2) (22). Upon administration of TAM, the Cx3cr1CreERT2 transgene is expressed in a number of myeloid cell types including microglia; however by 30 days post-TAM administration, expression of the transgene became largely restricted to microglia due to the more rapid turnover of the peripheral myeloid cell pool (Supplementary Figures 2A,B). To verify that expression of the Cx3cr1CreERT2 transgene induces efficient knockdown of Ppard in microglia, we crossed Cx3cr1CreERT2 mice with Ppard floxed mice to generate mice that were haplosufficient for Cx3cr1CreERT2 and homozoygous for the floxed allele (Cx3cr1CreERT2:Ppardfl/fl). We then evaluated Ppard expression in microglia in these mice and in Ppardfl/fl controls at 60 days post-TAM treatment by real-time PCR. This experiment verified efficient knockdown of Ppard expression in Cx3cr1CreERT2:Ppardfl/fl microglia compared to Ppardfl/fl controls (Supplementary Figure 2C).

Next to explore whether PPAR-δ deficiency in microglia impacted the development or severity of EAE, we treated 6–8-week-old male and female Cx3cr1CreERT2:Ppardfl/fl and littermate Ppardfl/fl mice with TAM and 30 days later induced EAE by immunization with MOG p35-55/CFA and PTX. EAE initially presented with a similar onset and severity between Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl mice (Figures 1A,B; Table 1); however, in the post-acute phase of EAE, male Ppardfl/fl mice regained hindlimb function whereas clinical scores remained chronically elevated in the male Cx3cr1CreERT2:Ppardfl/fl group (Figure 1A). The more severe EAE in male Cx3cr1CreERT2:Ppardfl/fl mice was a result of higher peak scores, reduced hindlimb recovery, and higher deaths in this group (Table 1). A similar trend for higher clinical scores was apparent in female Cx3cr1CreERT2:Ppardfl/fl mice, but this did not reach statistical significance (Figure 1B, Table 1).
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FIGURE 1. Cx3cr1CreERT2:Ppardfl/fl male mice fail to recover in the post-acute phase of EAE. (A,B) EAE was induced in (A) male and (B) female Ppardfl/fl or Cx3cr1CreERT2:Ppardfl/fl mice (n = 9–14/group) at 30 days post-TAM treatment; mice were immunized with MOG p35-55 in CFA and given i.p. injections of pertussis toxin on days 0 and 2 post-immunization. Shown are the mean +/− SEM clinical scores of mice over 45 days. Results are from one experiment, but are representative of two that were performed per sex with similar sample sizes. (C) EAE was induced in male Cx3cr1CreERT2:Ppardfl/fl mice that had been treated 30 days previous with TAM (n = 10) or with corn oil as a vehicle control (Veh) (n = 9). Mice were monitored for clinical score daily for 58 days. *Indicates a significant difference from Ppardfl/fl control (p < 0.05) by Mann-Whitney two-tailed test. Results are from one experiment that was performed.



Table 1. Clinical features of EAE in Ppardfl/fl and Cx3cr1CreERT2:Ppardfl/fl mice.
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In Cx3cr1CreERT2:Ppardfl/fl mice, the Cx3cr1CreERT2 transgene replaces the wildtype Cx3cr1 allele. Although Cx3cr1 heterozygosity is reported not to influence EAE severity (41), given the importance of Cx3cr1 in microglia/neuronal interactions (42), we also compared EAE development between male Cx3cr1CreERT2:Ppardfl/fl mice that had been treated 30 days previous with TAM or vehicle. In this system where mouse genotype was controlled, we observed similar results in that male Cx3cr1CreERT2:Ppardfl/fl treated with TAM exhibited higher mean clinical scores in the post-acute phase of EAE compared to control Cx3cr1CreERT2:Ppardfl/fl male mice treated with corn oil (Figure 1C and Table 2). The only difference in this experimental system was that TAM-treated mice exhibited a slight delay in EAE and a trend for reduced clinical scores compared to vehicle-treated mice in the acute phase (Figure 1C), which we found to associate with an unanticipated effect of the TAM in inhibiting myelin-specific Th17 responses and immune cell accumulation in the CNS (Supplementary Figure 3). Due to the anti-inflammatory effect of TAM, comparisons were made between TAM-treated Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl mice in subsequent experiments.


Table 2. Clinical features of EAE in male Cx3cr1CreERT2:Ppardfl/fl mice pre-treated with TAM or vehicle.
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Th Cytokine Responses and CNS Immune Cell Infiltration Did Not Differ Between TAM-Treated Cx3cr1CreERT2:Ppardfl/fl Mice in the Early Stages in EAE

We previously reported that PPAR-δ-deficiency in CD11b+ dendritic cells (DC) enhances T helper cell priming during EAE (19). Since we observed that a low frequency of splenic DC expressed the Cx3cr1CreERT2 transgene (Supplementary Figures 2A,B), it remained possible that the severe EAE that developed in male Cx3cr1CreERT2:Ppardfl/fl mice related to PPAR-δ–deficiency in DC. To rule this out, we examined MOG p35-55-specific T cell responses in Cx3cr1CreERT2:Ppardfl/fl mice and Ppardfl/fl mice at 9 days post-immunization with MOG p35-55/CFA. This experiment revealed no differences in the proliferation or Th cytokine production by spleen cells upon recall-stimulation with MOG p35-55 ex vivo (Figure 2). We also evaluated the number of immune cells in the CNS at 2-3 days post-onset of clinical signs (see Supplementary Figure 4 for representative gating strategy) and observed no significant differences in the numbers of total CD45+ leukocytes, monocytes/macrophages, neutrophils, DC, B cells, or total CD4+ T cells, nor in the frequencies of IFN-γ+, IL-17+, or GM-CSF+ CD4+ T cells between Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl groups (Table 3). These findings reinforce the idea that the more severe EAE that developed in TAM-Cx3cr1CreERT2:Ppardfl/fl mice was not driven by immune defects in the periphery and occurred downstream of immune cell infiltration in the CNS.
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FIGURE 2. MOG p35-55-reactive T cell responses were not perturbed in the spleens of Cx3cr1CreERT2: Ppardfl/fl mice. Spleens were isolated from MOG p35-55/CFA immunized male and female Ppardfl/fl or Cx3cr1CreERT2: Ppardfl/fl mice at day 9 post-immunization, were dissociated into a single cell suspension, and were stimulated in vitro with increasing concentrations of MOG p35-55. Proliferation of splenocytes (left panel) was measured using a [3H]-thymidine incorporation assay. Cells were pulsed with [3H]-thymidine at 48 h after stimulation with MOG p35-55 and cells were harvested 18 h later. Cpm, counts per minute. IFN-γ (middle panel) and IL-17A levels (right panel) were measured in culture supernatants by ELISA assay at 72 h of culture. Values are means ± SEM of levels seen in triplicate cultures of one experiment, but are representative of two independent experiments that were performed with similar results.



Table 3. Composition of immune cell infiltrate in the CNS early in EAE.
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Cx3cr1CreERT2: Ppardfl/fl Mice Exhibited More Severe Inflammation and Tissue Loss Later in EAE

To gain insights into the cause of the more severe EAE phenotype of Cx3cr1CreERT2:Ppardfl/fl mice, we conducted a histological analysis of inflammation, demyelination, and neuronal injury in the spinal cords of Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl mice at the endpoint of EAE. For this analysis, spinal cord sections were stained with H&E and LFB to reveal inflammatory demyelinating lesions (Figures 3A,B), Iba-1 to stain infiltrating monocytes and microglia (Figures 3C,D), SMI-32 to stain injured axons (Figures 3E,F), and SMI-31 to label all axons (Figures 3G,H). We observed no significant difference between groups in the percent of spinal cord quadrants that had inflammatory lesions present (Figure 4A), however the intensity of total Iba-1 staining as measured by total section fluorescence was higher in Cx3cr1CreERT2:Ppardfl/fl compared to Ppardfl/fl mice [2-way ANOVA genotype effect, F(1,18) = 7.217] (Figure 3D vs. Figure 3C, Figure 4B). Iba-1 staining intensity was also higher overall in the female groups (2-way ANOVA sex effect, F(1,18) = 9.289 P = 00069), potentially explaining why female Ppardfl/fl mice, unlike male counterparts, failed to remit in the post-acute phase of EAE.


[image: Figure 3]
FIGURE 3. Representative staining of inflammation, myelin, and non-phosphorylated and phosphorylated neurofilament heavy in axons in the spinal cords of Cx3cr1CreERT2:Ppardfl/fl mice and Ppardfl/fl mice at 45 days of EAE. Spinal cords were dissected from male Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl mice with representative clinical scores of the group were preserved in formalin, embedded in paraffin, and cut in cross-section (5 μm). Images show representative staining for Hematoxylin (Hem), Eosin, and Luxol fast blue (LFB) triple stain (Scale bar = 100 μm, thick arrows point to perivascular cuff) (A,B), Iba-1 immunofluorescence (Scale bar = 80 μm) (C,D), SMI-32 staining for non-phosphorylated neurofilament heavy (small arrows point to SMI-32+ axons, Scale bar = 20 μm) (E,F), and SMI-31 staining for phosphorylated neurofilament heavy (Scale bar = 50 μm) (G,H).
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FIGURE 4. Cx3cr1CreERT2:Ppardfl/fl mice exhibit increased Iba-1 staining intensity and axon injury and loss at 45 days of EAE compared to Ppardfl/fl mice. Spinal cords were dissected from male and female Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl mice with representative clinical scores of the group after 45 days of EAE and were preserved in formalin for histopathological analyses. Spinal cord sections were cut in cross-section (10–12 per mouse, sampled throughout the cord), were stained with Hematoxylin &Eosin/Luxol fast blue, Iba-1 immunofluorescence, SMI-32 to label injured axons (non-phosphorylated neurofilament heavy), or SMI-31 to label phosphorylated neurofilament heavy (all axons). (A) Percent of spinal cord quadrants that contained inflammatory/demyelinating lesions (10–12 sections sampled per mouse, N = 4–7/group). (B) Iba-1 section immunofluorescence detected at the level of the thoracic cord, corrected for background fluorescence (N = 2–3 sections/mouse, N = 4–7 mice/group). (C) Percent demyelination in white matter, which was determined by measuring white matter area with myelin pallor in 10–12 sections of the cord/mouse (N = 4–7 mice/group) and dividing this by total white matter area sampled. (D) Number of SMI-32+ axons/mm2 in these same sections. (E) Number of SMI-31+ axons/mm2 at the level of the thoracic cord in male mice (N = 4 areas/section, 2–3 sections/mouse, N-4-6 mice/group). Values in graphs are means ± SEM of values of mean values obtained in individual mice. In A-D, *denotes a significant difference at p < 0.05, as determined by Tukey post-hoc test. In E, *denotes a significant difference at p < 0.05 as determined by Mann-Whitney U test.


To investigate tissue damage in EAE, we calculated the percent demyelinated area on LFB-stained sections and the number of injured SMI-32+ axons in the spinal cord white matter. This analysis revealed that Cx3cr1CreERT2:Ppardfl/fl mice, regardless of sex, exhibited a higher percentage of white matter that was demyelinated [2-way ANOVA, genotype effect, F(1,15) = 5.44, P = 0.03] (Figure 4C) as well as a strikingly higher number of injured axons [2-way ANOVA, genotype effect F(1,15) = 79.41, P < 0.0001] (Figure 4D) relative to Ppardfl/fl groups. To evaluate whether axon numbers were also decreased in Cx3cr1CreERT2:Ppardfl/fl mice vs. Ppardfl/fl mice, we evaluated the density of SMI-31+ axons in the male Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl mice at the level of the thoracic cord. This analysis revealed lowered axon density in the Cx3cr1CreERT2:Ppardfl/fl group (Figure 4E). Therefore, microglial deficiency in PPAR-δ resulted in increased inflammation and axon injury during EAE. The finding that the this phenotype was apparent in both male and female Cx3cr1CreERT2:Ppardfl/fl mice suggested that it was not sex-dependent. Accordingly, subsequent analyses focused on the male sex.

To evaluate whether the demyelination and neuronal injury resulted in tissue loss, we also measured the volume of the thoracic spinal cord in mice with representative clinical scores at 59 days of EAE (experiment in Figure 1C) and of age- and sex-matched controls that did not have EAE. For this experiment, mice were perfused with fixative containing gadolinium contrast at endpoint and high-resolution T2-weighted MRI scans were obtained from fixed whole brain and the thoracic spinal cord T1-T7 segment (see representative images in Figures 5A,B). We observed a decrease in total spinal cord volume as well as white matter, but not gray matter volume in Cx3cr1CreERT2:Ppardfl/fl mice treated with TAM compared with naïve control mice that did not have EAE (Figures 5C,E,F). This was accompanied by the appearance of a hyper-intense rim of contrast around the spinal cord (Figure 5B), which we anticipate is due to the accumulation of contrast agent in the increased space around the spinal cord post-fixation. These findings of more extensive inflammation, axon injury, and tissue loss in the spinal cord further explain why TAM-treated male Cx3cr1CreERT2:Ppardfl/fl mice failed to regain hindlimb function in the post-acute phase of EAE.
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FIGURE 5. Cx3cr1CreERT2:Ppardfl/fl mice exhibit spinal cord atrophy during EAE. EAE was induced in male Cx3cr1CreERT2:Ppardfl/fl mice at 30 days post-injection with TAM or corn oil vehicle (Veh). Mice were monitored for clinical symptoms for 58 days after which mice were perfused with fixative containing Gadolinium contrast agent. Then brain and spinal cords of representative Cx3cr1CreERT2:Ppardfl/fl mice treated with TAM (N = 8/group) or Veh (N = 6/group) along with age-and sex-matched control mice without EAE (N = 3/group) were preserved for volumetric MR analysis of the thoracic (T1-T7) spinal cord and brain. (A,B) Shows representative MR images of the thoracic spinal cord in Veh (A) or TAM-treated (B) Cx3cr1CreERT2:Ppardfl/fl mice. (C) Total spinal cord volume, (D) total brain volume, (E) spinal cord gray matter volume, and (F) spinal cord white matter volume in control mice and in the EAE groups. Values are means + SEM of individual mice. *denotes a significant different from the non-EAE control (p < 0.05) as determined by Kruskal-Wallis test followed by a Dunn's multiple comparison test.


Though inflammation predominates in the spinal cord in EAE, lesions can be detected in certain white matter tracts and under the meninges and in the ventricles of the brain. We therefore assessed total brain volume and conducted a volumetric analysis of 62 individual brain regions in TAM- or vehicle-treated Cx3cr1CreERT2:Ppardfl/fl mice. Though total brain volume was not significantly lowered at 60 days of EAE in either group relative to age-matched mice without EAE (Figure 5D), 16 brain regions were significantly atrophied selectively in the TAM-treated Cx3cr1CreERT2:Ppardfl/fl group. These regions included structures in the hippocampus, the medial and lateral septum, the striatum, the optic tract, and white matter tracts in the midbrain that run in close proximity to the hippocampus or third ventricle (Supplementary Table 1).

Inspection of the pathology of the brains of mice revealed that microglia in the Cx3cr1CreERT2:Ppardfl/fl group had a more reactive appearance with increased Iba-1 staining in some of the regions found to be smaller on MRI, including those that were infiltrated by immune cells (cerebellum and brain stem) as well as structures that were in close proximity to sites of meningeal (olfactory tubercle) or intraventricular inflammation (hippocampus and septum) (Supplementary Figure 5).



Microglia in Cx3cr1CreERT2:Ppardfl/fl Mice Exhibit a More Re-active Phenotype Early in EAE

When microglia become active, they upregulate the expression of Iba-1, retract their processes, and adopt a more amoeboid morphology (43). Since inflammation had escalated in Cx3cr1CreERT2:Ppardfl/fl mice in the chronic phase of EAE (Figures 4A,B), it was difficult to interpret whether PPAR-δ-deficiency was driving increased microglia reactivity or that PPAR-δ-deficient microglia appeared more reactive because of the enhanced CNS inflammation. Subsequent studies were therefore designed to evaluate microglia activation state at 2–3 days post-onset of EAE, a time when the spinal cord was equivalently infiltrated by leukocytes (Table 3) and when clinical scores were equivalent between Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl groups (Figure 1, Table 4).


Table 4. Microglia Iba-1 staining intensity and morphology in the spinal cord of Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl mice at 2-3 days post-onset of EAE.
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To evaluate microglia reactivity, we isolated spinal cords from Ppardfl/fl mice and Cx3cr1CreERT2:Ppardfl/fl mice and co-stained thoracic sections with microglia markers Iba-1 and TMEM119 and DAPI (representative staining in Supplementary Figure 6). We then captured images of microglia in inflamed regions of the anterior spinal cord and counted microglia, measured cellular Iba-1 fluorescence, and assessed the morphology of microglia (in the Iba-1 channel) in cells that were also TMEM119+ and had a DAPI+ nucleus. This analysis revealed that microglia from Cx3cr1CreERT2:Ppardfl/fl mice were more densely represented in inflamed areas and had a significantly shorter maximum branch length compared to those observed in spinal cords of Ppardfl/fl mice. Similarly, there was a trend for a smaller critical radius in microglia of Cx3cr1CreERT2:Ppardfl/fl mice, which is the distance from the microglia center, where most Sholl intersections are observed. Iba-1 staining intensity and other measures of microglia morphology were not significantly different between groups. Together, these results suggest that microglia in Cx3cr1CreERT2:Ppardfl/fl mice exhibited some features consistent with a more reactive phenotype in EAE.



Microglia in Cx3cr1CreERT2:Ppardfl/fl Mice Did Not Adopt a More “M1 Phenotype” Nor Exhibited Impaired Proliferation Early in EAE

Influenced by our in vitro studies of microglia (Supplementary Figure 1), we next explored whether the more severe EAE observed in Cx3cr1CreERT2:Ppardfl/fl mice related to shift toward higher microglia production of M1-associated or pro-inflammatory mediators. We therefore evaluated specific M1/pro-inflammatory (Nos2, MHC Class II, IL-12p40, IL-6) and M2/anti-inflammatory markers (CD206 and IL-10) on CD45loCD11b+ microglia by flow cytometry in Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl mice at 2–4 days post-onset of EAE. Cytokine expression was evaluated by intracellular staining after 5 h of culture with golgi inhibitors in the presence or absence of LPS. Assessment of M1 markers on CD45hiCD11b+ cells (monocytes/macrophages/neutrophils) provided a positive control for M1 marker staining (Figure 6A).
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FIGURE 6. Cx3cr1CreERT2:Ppardfl/fl mice microglia do not exhibit an M1 phenotype or defective proliferation in vivo during EAE. EAE was induced in mice and at several days after the onset of clinical signs. Mice (N = 4 Ppardfl/fl and N = 5 Cx3cr1CreERT2:Ppardfl/fl) were killed and CNS mononuclear cells were isolated from the spinal cord and cerebellum (tissue was pooled for analysis). The expression of IL-6, IL-12p40, IL-10, iNOS, MHC Class II, and CD206 was examined in microglia (CD45loCD11b+Ly6G−) that were gated based on fluorescence minus one controls. [(A), left and middle panels]. Positive control staining consisted of staining in monocyte/macrophages (CD45hiCD11b+CD11c−Ly6G−) in the same sample [(A), right panels]. Y-axis in all plots are either FSC-A or CD11b staining. Graphs on the right show the mean + SEM percent of cells staining positive for the indicated marker. Symbols represent individual mice. Values in A are from one representative experiment of three that were performed. (B) Representative BrdU staining in microglia (gated on live CD45loCD11b+Ly6G−) cells in Ppardfl/fl (left panel) and Cx3cr1CreERT2:Ppardfl/fl (right panel) groups. (C) Mean number of microglia isolated from the CNS (total mononuclear cells x percent microglia gate). (D) Mean + SEM BrdU+ microglia. Values in (C,D) were pooled from two consecutive experiments with similar results, n = 12 Ppardfl/fl and n = 15 Cx3cr1CreERT2:Ppardfl/fl mice.


Consistent with our findings in cultured microglia, we observed that a higher frequency of Cx3cr1CreERT2:Ppardfl/fl microglia produced IL-12p40 and IL-6 upon LPS stimulation compared to Ppardfl/fl controls (Figure 6A, right panels). However, when LPS was not added to the cultures the cytokine profile and expressions of other M1 and M2 markers was indistinguishable between Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl groups (Figure 6A). Therefore, while PPAR-δ does regulate the expression of IL-6 and IL-12p40 downstream of LPS stimulation, these cytokines were not differentially expressed by microglia during EAE.

In light of our observation of slowed microglia growth in vitro with PPAR-δ-deficiency (Supplementary Figure 1) and increased microglia numbers in inflamed regions (Table 4), we also evaluated the proliferation of microglia in the CNS during EAE by in vivo BrdU incorporation assay (44) (see representative staining in Figure 6B). This analysis revealed no difference between groups in either the total number of CD45loCD11b+ microglia isolated from the spinal cord and cerebellum (Figure 6C) or the frequency of microglia that took up BrdU over the first 3 days of EAE (Figures 6B,D). Therefore, neither enhanced M1 programming nor defects in microglia proliferation were the cause of the more extensive inflammation or tissue damage in Cx3cr1CreERT2:Ppardfl/fl mice during EAE.



Gene Profiling of PPAR-δ-Deficient Microglia Revealed a Greater Shift Toward a Disease-Associated Microglia (DAM) Phenotype in EAE

To better understand the basis of the more reactive microglia phenotype we conducted an analysis of the transcriptome of CD45loCD11b+ microglia sorted from TAM-treated Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl mice at 2–3 days post-onset of EAE. For this analysis, spinal cords were isolated from mice (N = 9 mice/group) that were matched for both disease duration and clinical scores. Samples were pooled (N = 3 mice/sample, three samples per group) to increased microglia yields for RNA sequencing studies. Only samples that passed quality control (N = 2/genotype) were submitted for sequencing.

First, we compared the expression of genes that describe a “homeostatic,” “M1,” “M2,” and DAM microglia phenotype between Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl groups (11, 45). Consistent with our in situ findings of shorter branch length in microglia in Cx3cr1CreERT2:Ppardfl/fl mice during EAE, we observed significantly lowered expression of several genes associated with a homeostatic microglia phenotype in the Cx3cr1CreERT2:Ppardfl/fl group (Figure 7). Interestingly, several M1 signature genes exhibited lowered expression in Cx3cr1CreERT2:Ppardfl/fl microglia. We also observed a tendency for higher expression of specific genes that describe an M2 or DAM signature in the Cx3cr1CreERT2:Ppardfl/fl microglia. Specifically, we observed upregulation of Axl, that encodes a TAM receptor tyrosine kinase that is upregulated in EAE and mediates phagocytosis of neuronal debris (11, 46), Timp2, which is an inhibitor of matrix metalloproteinases (MMPs), as well as higher expression of components of the NADPH oxidase complex (Nox1, Cyba), which is a major producer of intracellular and extracellular ROS (11, 45). ROS are known contribute to neuronal injury in EAE (14).
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FIGURE 7. Cx3cr1CreERT2:Ppardfl/fl mice show reduced expression of certain homeostatic microglia genes and a skew towards a M2/neurodegenerative microglia phenotype. Ppardfl/fl and Cx3cr1CreERT2:Ppardfl/fl were treated with TAM or vehicle and 60 days later, EAE was induced with MOG p35-55/CFA + PTX. Between 2 and 4 days post-onset, spinal cords were isolated from TAM-treated Ppardfl/fl and Cx3cr1CreERT2:Ppardfl/fl mice that were matched for disease duration and clinical scores. Spinal cords from individual mice (N = 9/group) were pooled (N = 3 mice/sample) for mononuclear cell isolation and FACS-sorting to generate N = 3 pooled samples per group. Two of the three samples that passed RNA quality control were submitted for RNA sequencing. Bar graphs show the log2 (fold change of FPKM values from Cx3cr1CreERT2:Ppardfl/fl samples divided by FPKM values of the Ppardfl/fl samples). Genes expressed at lower levels in Cx3cr1CreERT2:Ppardfl/fl mice are negative and those expressed at higher levels are positive. *Indicates genes that showed a difference between Ppardfl/fl and Cx3cr1CreERT2:Ppardfl/fl by two-tailed Mann-Whitney test at the P = 0.05 level (*) or P = 0.1 level (†). Gene lists were compared against those described in (11, 45) and only genes with FPKM values in both of the Ppardfl/fl samples are shown. For the case of genes with decreased expression in Cx3cr1CreERT2:Ppardfl/fl some samples had 0 FPKM values. In this case, a value of 0.1 was assigned for the sample to permit the calculation of log2(fold-change).


To gain additional insights into PPAR-δ-dependent regulation of microglia gene expression, we examined the functions of individual differentially-expressed genes (DEGs) between Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl microglia (Supplementary Tables 2, 3) and conducted DAVID functional annotation analysis of DEGs (Supplementary Tables 4, 5). We detected higher expression of genes in Cx3cr1CreERT2:Ppardfl/fl microglia that sit in pathways downstream and upstream of NADPH activation. This included genes encoding High mobility box protein 1 (Hbp1) and complement receptor 3 (C3), which serve as components of a damage-sensing pathway that can activate NADPH oxidase (47, 48), and genes in the PI3K/Akt pathway (Pik3cd, Akt2, Rs6k) (49). Consistent with these findings, Cx3cr1CreERT2:Ppardfl/fl microglia also exhibited a gene signature reflecting increased oxidative stress. Specifically, we detected higher expression of cellular and mitochondrial chaperonins (Hspa14, Dnajc3, Grpel1, Pfdn2) and genes that are known to be upregulated or involved in the response to oxidative stress or repair of oxidatively-damaged proteins (Msra, Sirt1, Foxo3) (50) (Supplementary Table 2). Two genes with anti-oxidant functions in mitochondria (Gss, Trap1) were expressed at decreased levels in Cx3cr1CreERT2:Ppardfl/fl microglia (Supplementary Table 3).

Mitochondria, once damaged by oxidative stress initially compensate by upregulating the expression of mitochondrial enzymes (51). When mitochondria fail to meet energy demands, these organelles are disposed of via a specialized form of autophagy, called mitophagy (51). In this regard, we noted that PPAR-δ-deficient microglia exhibited higher expression of genes encoding enzymes in the citric acid cycle (Dlst, Me2) and oxidative phosphorylation (Cox15, Ndufb10, Uqcrb, Atp5h) (Supplementary Table 2). Furthermore, “Mitophagy in response to mitochondrial depolarization” (GO: 0098779) was the most significantly downregulated biological process in Cx3cr1CreERT2:Ppardfl/fl microglia (Supplementary Table 5).

Relevant to the finding of a more amoeboid microglia morphology in spinal cords of Cx3cr1CreERT2:Ppardfl/fl mice, we observed an upregulation of the biological process of microtubule polymerization (GO:031116) (Supplementary Table 4). Another process that was significantly higher in Cx3cr1CreERT2:Ppardfl/fl mice was lipid transport (GO: 0006869) and this pathway included genes involved in the uptake, intracellular transport and oxidation of lipids in mitochondria (Prelid1, Apobr, Lbp, Mttp, Scp2, Tspo) (Supplementary Table 4). This together with the increased Axl expression suggested that Cx3cr1CreERT2:Ppardfl/fl microglia were adapting to manage the increase in lipid uptake associated with the clearance of myelin debris in lesions.

Examination of DEGs further revealed higher expression of a number of genes in PPAR-δ-deficient microglia that could go further in explaining the pro-inflammatory and neurotoxic activities of these cells. Upregulated genes include Alox5, which encodes an enzyme that is involved in the generation of pro-inflammatory lipid mediators in MS and EAE (52), genes involved in positive regulation of toll-like receptor and IL-1-receptor signaling pathways (Suz12, Lbp, Tab2, Card9), monocyte/T cell clustering (53) (Atrn), and genes in pathways previously implicated to be pro-inflammatory in microglia (Wnt, Camp, Spn) (54–56) (Supplementary Table 2). Beyond C3 and Axl, other genes known to be upregulated in microglia in MS lesions were also elevated with PPARδ-deficiency including Mmp9 (57), Cxcr2 (58). Examination of significantly downregulated pathways in microglia also revealed lowered expression of FGF receptor signaling (GO: 0008543), a pathway that is neuroprotective against glutamate-mediated excitotoxicity (59) (Supplementary Table 5) and specific genes in anti-inflammatory pathways including Grip1 a co-activator of the glucocorticoid receptor, Prkag3, regulatory subunit of AMPK, and P2ry1, a repressor of reactive gliosis (60) (Supplementary Table 3).

Altogether, these findings highlight that in the context of EAE, PPARδ-deficiency results in microglia adopting a more reactive, neurotoxic, and potentially pro-inflammatory phenotype that is punctuated by increased expression of genes involved in ROS generation, oxidative stress, phagocytosis, and lipid clearance.




DISCUSSION

Past studies identified PPAR-δ as a key regulator of M2-programming, a repressor of the LPS-induction of IL-12p40, IL-6, and iNOS in macrophages (16, 38, 39, 61), and a potential regulator of human microglia activation in vitro (62). However, no one had yet addressed whether PPAR-δ regulates microglial phenotype in vivo. Here, we used a Cx3cr1CreERT2 transgene and a Cre-lox approach to induce Ppard-deficiency in the microglial compartment in mice. Although the Cx3cr1CreERT2 transgene is expressed in a number of myeloid populations in response to TAM treatment, by 30 days post-TAM, Cx3cr1CreERT2 expression becomes enriched in microglia. We observed that upon induction of EAE, Cx3cr1CreERT2: Ppardfl/fl mice developed a more severe course of disease compared to controls characterized by increased microglia/monocyte activation, axonal injury, and atrophy of spinal cord white matter and certain brain regions. Although in vitro studies of Ppard-deficient microglia revealed an increase in the LPS-induction of IL-6 and IL-12p40, Ppard-deficient microglia did not exhibit an M1 phenotype in the context of EAE. Instead, Ppard-deficient microglia were more likely to aggregate in inflamed regions and retract their processes compared to control microglia. Transcriptional profiling revealed that Ppard-deficient microglia also exhibited lowered expression of genes associated with a homeostatic microglia phenotype, mitophagy, and FGF signaling and heightened expression of certain genes associated with NADPH production, oxidative stress, pro-inflammation, phagocytosis and lipid clearance, and M2-activation. Collectively, our findings suggest a role for PPAR-δ in microglia in limiting tissue damage during neuroinflammation.

The main finding in this study was that Cx3cr1CreERT2:Ppardfl/fl mice exhibited more severe neuronal injury and white matter loss (−19% by 60 d) in the spinal cord in the post-acute phase of EAE as compared to controls. A similar degree of atrophy of the spinal cord has been reported previously in EAE, but not until 100 days of disease (63), suggesting tissue loss was accelerated in Cx3cr1CreERT2:Ppardfl/fl mice. Although the clinical phenotype was most evident in males, the histological phenotype of increased myeloid inflammation and axonal injury in Cx3cr1CreERT2:Ppardfl/fl mice was observed in both sexes, indicating that the phenotype was not sex-dependent.

The finding that microglia were the predominant Cre-expressing cell in Cx3cr1CreERT2:Ppardfl/fl mice at 30 d post-TAM treatment coupled with the finding of an increase in neurotoxic and pro-inflammatory gene expression in microglia in Cx3cr1CreERT2:Ppardfl/fl mice in EAE led us to conclude that Ppard-deficiency in microglia was the instigator of the enhanced neuronal injury in Cx3cr1CreERT2:Ppardfl/fl mice. Of note, we did detect that a small percentage of non-microglia cells (mainly splenic DCs and monocytes) were also Cre+. Though examination of MOG p35-55-specific T cell responses and immune cell infiltration in the spinal cord in early EAE ruled out a role for DCs or alterations in myeloid cell trafficking as a driver of this phenotype, it remains possible that Cre+ (Ppard-deficient) monocytes also contributed to neuronal damage after maturing in the inflamed environment of the CNS.

These findings of a role for endogenous PPAR-δ in neuroprotection does correspond with past reports of neuroprotective effects of synthetic PPAR-δ agonists GW0742 and GW501516 in cultured neurons (64, 65) and in murine models of Alzheimer's disease (66, 67), stroke (68–71), Parkinson's disease (72, 73), and Huntington's disease (65). In a stroke model, activating PPAR-δ limited infarct size in the CNS by mitigating oxygen-glucose-deprivation-induced death in the vascular endothelial cells (71). Direct effects of PPAR-δ agonists on neuronal survival have been also noted in some (64, 65), but not all studies (66). For example, the PPAR-δ agonist KD3010 was shown to preserve neurons in a primary neuron culture model of Huntington's disease by restoring oxidative metabolism and enhancing autophagy (65). In contrast, another study noted no protective effect of the PPAR-δ agonist GW0742 against glutamate-induced neuron death (66); however, GW0742 did protect primary neurons from inflammation-induced neuronal death when these cells were in co-culture with M1-activated primary microglia (66). The disparity in the effects of PPAR-δ agonists in neuronal cultures, likely relates to differences in the agonists used, the doses administered, and the experimental systems utilized. Nonetheless, when considered together, these studies point toward neuroprotective effects of PPAR-δ-agonists, with effects possibly mediated through a number of cell types.

Though our data suggested a role for PPAR-δ in microglia in neuroprotection in EAE, we did not elucidate how PPAR-δ activity was mitigating neurodegeneration; however, comparison of the histological and gene expression profile of Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl mice did provide us with a number of potential mechanisms. Although there was no difference in immune cell infiltration between groups early in EAE, with time, Cx3cr1CreERT2:Ppardfl/fl mice developed enhanced monocyte/microglial inflammation as detected by increased total Iba-1 immunoreactivity. Past studies have demonstrated that both microglia and monocytes mediate focal axonal degeneration in EAE and MS lesions in EAE and MS by producing ROS, reactive nitrogen species, and expression of NADPH oxidase (14, 74, 75). In this regard, we detected higher expression of genes encoding components of the NADPH oxidase: Nox1, Cyba, and Cybb and a gene signature consistent with increased oxidative stress in PPAR-δ-deficient microglia. NADPH oxidase and ROS generation is known to occur as part of the respiratory burst that accompanies microglia phagocytosis of myelin debris in response to damage-associated signals encountered in lesions (76). Further, higher Nox1 NADPH oxidase activity and superoxide production has been shown to potentiate NO and IL-1 production by microglia leading to the formation of peroxynitrite, which is also neurotoxic for oligodendrocytes and neurons (77). Therefore, the increased accumulation of activated monocytes/microglia coupled with higher ROS or reactive nitrogen species generation could have been one contributor to the increased axonal injury in TAM-treated Cx3cr1CreERT2:Ppardfl/fl mice. Alternatively, the increased axon injury in Cx3cr1CreERT2:Ppardfl/fl mice could relate to reduced FGF receptor signaling, which is a neuroprotective pathway (59) that we observed to be downregulated in microglia from these mice.

Our results also did not pinpoint why CNS inflammation escalated to a greater extent in Cx3cr1CreERT2:Ppardfl/fl compared to Ppardfl/fl mice during EAE. Though our studies of cultured microglia revealed higher expression of T cell chemoattractants (IP-10 and RANTES) with PPAR-δ-deficiency, transcripts encoding these chemokines were not differentially expressed between Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl microglia during EAE. On the other hand, we did detect higher expression of the gene encoding attractin (Atrn) in PPAR-δ-deficient microglia, which plays a role in promoting the adherence and spreading of monocytes and monocyte/T cell clustering (53) as well as higher expression of Mmp9, which has known disruptive effects on the blood brain barrier in EAE (57). Escalated inflammation in Cx3cr1CreERT2:Ppardfl/fl mice could have been also promoted by an imbalance in pro-inflammatory (Suz12, Lbp, Tab2, Traf6, Card9, Wnt3, Camp, Spn) vs. anti-inflammatory (Grip1, Prkag3, P2ry1) genes in microglia, or, alternatively, to a reduction in mitophagy. Defective mitophagy in microglia increases IL-1 production in the CNS by activation of the NLRP3 inflammasome (51). It is also possible that the escalation in inflammation just occurred as a secondary consequence of the increased myelin and neuronal damage in the CNS of Cx3cr1CreERT2:Ppardfl/fl mice. This could be better revealed through studies that examine the timing of development of neuronal injury vs. inflammation in Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl mice during EAE. Altogether, the phenotype of microglia with PPAR-δ-deficiency is complex and requires further investigation to pinpoint what aspects of altered microglia function are driving inflammation vs. neurodegeneration.

Past studies that conducted bulk transcriptomic analysis and single cell RNA sequencing analysis concluded that microglia do not acquire an M1 phenotype during EAE (11, 78); instead, these cells downregulate the expression of genes associated with a homeostatic phenotype, adopt a more amoeboid appearance, and exhibit upregulated expression of a constellation of genes encoding pro-inflammatory genes (Tnf, Ccl2 Cxcl10, Itgax, CD74), M2-associated genes (Chil3, Arg1, Timp2), genes involved in phagocytosis and lipid uptake (Axl, Apoe), ROS production (Cybb), and antigen presentation (Ly86) (11, 78). This signature has been termed a “DAM” signature and single-cell RNA sequencing analysis demonstrated that at least 4 distinct DAM subsets emerge during EAE (78). Our comparison of Cx3cr1CreERT2:Ppardfl/fl and Ppardfl/fl microglia by transcriptional profiling revealed that Cx3cr1CreERT2:Ppardfl/fl microglia had decreased expression of a number of genes associated with a homeostatic microglia signature during EAE. In addition, these cells exhibited higher expression of specific genes associated with a DAM/M2 phenotype including Cybb and Timp2, and increased expression of Axl, a TAM receptor family tyrosine kinase that functions in the clearance of apoptotic cells in activated microglia (46). These gene changes are not expected to have contributed to neuron damage, but instead convey that Cx3cr1CreERT2:Ppardfl/fl microglia were adapting to deal with the increased clearance of tissue debris associated with myelin and neuronal damage.

One limitation of our study is that, in conducting bulk RNA sequencing of FACS-sorted microglia, we evaluated the transcriptome of all microglia in the spinal cord and cerebellum, which originated from lesion and extra-lesional areas. This likely resulted in a dilution of genes of interest. Our RNA sequencing study was also not well-powered to detect subtle differences in gene expression between the groups. Certainly, the application of single cell RNA sequencing would be a powerful approach to reveal how PPAR-δ-deficiency alters the composition of microglia populations in during EAE and associated gene expression within these populations (78).

In conclusion, this study revealed a role for endogenous PPAR-δ activity in limiting the neurotoxic activities of microglia in the context of CNS inflammation making this an attractive target for future therapeutic intervention in neurodegenerative disease.
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AUTHOR'S NOTE

MS is an autoimmune disease that targets the myelin sheath of central nervous system neurons resulting in the formation of inflammatory demyelinating lesions and focal axonal injury. The production of reactive oxygen and nitrogen species by microglia and monocytes is considered to be the cause of this axonal injury. With time the injury elicited by these attacks leads to permanent neuron loss and the accrual of disability. Although there exist a number of treatments to prevent autoimmune attacks in MS, there are very few treatments available that can protect neurons from damage. Here we describe a neuroprotective role for the nuclear receptor PPAR-δ in microglia in the animal model of MS called EAE. We observed that mice deficient in this molecule in microglia exhibited an increased expression of genes that describe a DAM signature including transcripts encoding the NADPH oxidase, a major producer of intracellular reactive oxygen species, as well as more extensive axonal injury during EAE. PPAR-δ may therefore be a molecular target for therapy in protecting neurons from damage during neuroinflammation.
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Brain myeloid cells, include infiltrating macrophages and resident microglia, play an essential role in responding to and inducing neurodegenerative diseases, such as Alzheimer’s disease (AD). Genome-wide association studies (GWAS) implicate many AD casual and risk genes enriched in brain myeloid cells. Coordinated arginine metabolism through arginase 1 (Arg1) is critical for brain myeloid cells to perform biological functions, whereas dysregulated arginine metabolism disrupts them. Altered arginine metabolism is proposed as a new biomarker pathway for AD. We previously reported Arg1 deficiency in myeloid biased cells using lysozyme M (LysM) promoter-driven deletion worsened amyloidosis-related neuropathology and behavioral impairment. However, it remains unclear how Arg1 deficiency in these cells impacts the whole brain to promote amyloidosis. Herein, we aim to determine how Arg1 deficiency driven by LysM restriction during amyloidosis affects fundamental neurodegenerative pathways at the transcriptome level. By applying several bioinformatic tools and analyses, we found that amyloid-β (Aβ) stimulated transcriptomic signatures in autophagy-related pathways and myeloid cells’ inflammatory response. At the same time, myeloid Arg1 deficiency during amyloidosis promoted gene signatures of lipid metabolism, myelination, and migration of myeloid cells. Focusing on Aβ associated glial transcriptomic signatures, we found myeloid Arg1 deficiency up-regulated glial gene transcripts that positively correlated with Aβ plaque burden. We also observed that Aβ preferentially activated disease-associated microglial signatures to increase phagocytic response, whereas myeloid Arg1 deficiency selectively promoted homeostatic microglial signature that is non-phagocytic. These transcriptomic findings suggest a critical role for proper Arg1 function during normal and pathological challenges associated with amyloidosis. Furthermore, understanding pathways that govern Arg1 metabolism may provide new therapeutic opportunities to rebalance immune function and improve microglia/macrophage fitness.
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Introduction

Dysregulation of arginine metabolism has been recognized to impact neuropathology and neuroinflammation in Alzheimer’s disease (AD). Proper regulation of arginine metabolism through its different catabolizing enzymes (ARG1, ARG2, NOS1, NOS2, NOS3, ADC, AGAT1, ATE1) (1, 2) and protein sensors (GPRC6A, SLC38A9, CASTOR1, CASTOR2, TM4SF5) (3–6) remains critical for cellular responses to pathogenic stimuli, especially in myeloid cells. Recent metabolomics research in AD uncovered promising biomarker signatures associated with the deregulation of arginine-related pathways and polyamines in the blood and cerebral spinal fluid (CSF) (7–10). The altered metabolism of arginine and arginase expression was confirmed in AD postmortem brains (11–16). Human ARG1 has 43 mutations linked to ARG1 deficiency disorder, and a rare ARG2 variant was associated with a higher risk of AD (16, 17). Increased arginine and altered Arg1 in the brain of animal models of aging and AD were also reported, signifying a pivotal role for proper arginine metabolism in neurodegeneration (15, 18–21).

It has been reported that Arg1 is primarily expressed in brain-infiltrating macrophages over microglia after central nervous system (CNS) injury and ischemia, and brain infiltrating macrophages relied on Arg1 expression to exhibit a reparative role to ameliorate damages (22–26). Most recently, as a marker, ARG1 distinguished human brain resident microglia from peripheral blood mononuclear cells (PBMCs) and cerebrospinal fluid mononuclear cells (CSF cells). The potential infiltrating CSF cells expressed the highest level of ARG1 among all three (27). The discrepancy of Arg1 expression between brain infiltrating macrophages and resident microglia complicates its role in myeloid cell subtypes and makes the entire brain myeloid cells (microglia/macrophages) a promising target for research and therapeutics (28–32). Albeit less studied in neurodegeneration, Arg1 activity is essential for controlling the inflammatory response of brain myeloid cells to an extracellular stimulus like amyloid-β (Aβ). In animal models of AD, our group and several others have demonstrated that peripheral myeloid cells like monocytes could infiltrate into the brain as local tissue macrophages to clear Aβ deposits together with activated brain resident microglia (33–36). We showed that Arg1 overexpression in the CNS decreased the inflammatory response and ameliorated tau pathology (37). Another group showed that Arg1 positive microglia reduced Aβ plaque burden under an IL-1β dependent inflammatory condition (38). Besides, myeloid-specific knockout of Arg1 in a retinal injury mouse model worsened neuronal loss and increased inflammatory responses (26).

Previously we sought to investigate the impact of reduced myeloid Arg1 in the APP Tg2576 mouse model of amyloidosis (39). We found that Arg1 insufficiency in lysozyme M (LysM) restricted cells produced more Aβ deposition, increased activated microglia, and impaired behavioral performance. Moreover, amyloidosis induced machinery of the Ragulator-Rag complex responsible for phagocytosis. However, Arg1 deficiency blunted this response, suggesting a crucial role of arginine metabolism at the lysosome. While there is considerable evidence supporting that myeloid Arg1 deficiency during amyloidosis exacerbates AD-typical neuropathology and behavioral impairments, the underlying mechanisms have yet to be fully clarified. We performed bulk RNA transcriptome analysis to determine the transcriptional pathway changes following myeloid Arg1 haploinsufficiency during amyloidosis. We utilized the gene expression profiling with the nCounter® mouse neuropathology panel (NanoString Technologies, Inc.) to analyze the top changed Aβ associated neurodegenerative pathways and glial signatures. In the current study, our data suggest that insufficient myeloid Arg1 expression during amyloidosis activates transcriptomic pathways in myelination, lipid metabolism, and glial gene signatures that are primarily homeostatic and non-phagocytic. These data provide a more comprehensive transcriptional landscape of myeloid Arg1 insufficiency during amyloidosis, which could offer new therapeutic targets that improve myeloid function to mitigate amyloid deposition.



Materials and Methods


Animal Breeding and Tissue Harvesting

The APP Tg2576 mice overexpressing human APP KM670/671NL Swedish mutation (40) and the non-transgenic littermates were bred at USF Health Byrd Alzheimer’s Institute at the University of South Florida. The Cre-recombinase mice (B6.129P2-Lyz2tm1(cre)/fo/J; LysMcre promoter, Stock No: 004781) and arginase 1 mice (C57BL/6-Arg1tm1Pmu/J (Arg1fl), Stock No: 008817) were purchased from the Jackson Laboratory. The APP Tg2576 mice (APP+/-), Arg1 floxed mice (Arg1fl/fl), and LysMcreTg/+ were bred as previously described (41). Thus we established four groups of mice: nTg/Arg1+/+/LysMcreTg/+, nTg/Arg1fl/+/LysMcreTg/+, APP+/-/Arg1+/+/LysMcreTg/+ and APP+/-/Arg1fl/+/LysMcreTg/+. All mice were subjected to behavioral tests at the age of 15 months, followed by euthanasia and perfusion at 16-month-old age. Immediately after perfusion, one hemisphere of the brain was placed into 4% paraformaldehyde for fixation, and the other hemisphere was dissected into different brain regions and stored at -80°C. For dissection, the cerebral cortex was peeled off the brain’s surface, taking care not to include the hippocampus, striatum, or other underlying structures. The posterior cortex, including entorhinal, temporal, parietal, and occipital areas, was collected for analysis (39).



RNA Preparation for nCounter® Gene Expression Analysis

Total RNA of the posterior cortex was extracted using AllPrep DNA/RNA/Protein Mini Kit (QIAGEN, #80004) according to the manufacturer’s protocol. The posterior cortex was selected because entorhinal to hippocampal connections are critical to memory formation and are affected early in both AD and the Tg2576 mouse model (42). This area develops a high amyloid burden in these mice, as reported before (39). All RNA samples passed QC with high RNA Integrity Number (RIN) measured using TapeStation RNA Screen Tape® (Agilent Technologies, Inc., Molecular Genomics Core, Moffitt Cancer Center, Tampa, FL, US). For NanoString nCounter® analysis, we pooled an equal mass of RNA from two mice matched for genotype, gender, and age, so one pooled RNA sample represents two mice. Thus we created the following four groups of RNA samples: nTg/Arg1+/+/LysMcreTg/+ (4 males/2 females, average RIN = 8.4), nTg/Arg1fl/+/LysMcreTg/+ (2 males/4 females, average RIN = 8.8), APP+/-/Arg1+/+/LysMcreTg/+ (4 males/2 females, average RIN = 8.7), and APP+/-/Arg1fl/+/LysMcreTg/+ (4 males/2 females, average RIN = 8.7). Each group contained three samples representing six mice. The nCounter® mouse neuropathology panel (v1.0, XT-CSO-MNROP1-12, 12 Reactions, NanoString Technologies, Inc.) was purchased for analyzing 12 mouse brain samples. The panel plate loaded with RNA samples was analyzed by the nCounter® Analysis System (nCounter® SPRINT Profiler at the Molecular Genomics Core, Moffitt Cancer Center, Tampa, FL, US) according to the manufacturer’s procedures for hybridization, detection, and scanning.



Bioinformatic Analyses


The nSolver Analysis

The NanoString nCounter data analysis was performed using the nSolver™ Analysis Software (v4.0, NanoString Technologies, Inc.) according to the user manuals (43, 44). The nSolver was used for analyzing the mouse neuropathology panel by loading with an RLF file (NS_Mm_NeuroPath_v1.0). We performed the basic features of the nSolver analysis to generate the heat maps of differentially expressed gene transcripts (DEGs) with agglomerative clustering based on the normalized data. We also used it to export all normalized data. We also performed the advanced nSolver analysis based on the downloaded and installed online R package (nCounter_Advanced_Analysis_2.0.134) and the probe annotation file provided by NanoString (NS_Mm_NeuroPath_v1.0_ProbeAnnotations). We modified this probe annotation file as the following description. First, we annotated two autophagy genes (Atg5, Becn1) to the autophagy pathway. Second, we referred to the so far most comprehensive GWAS publications in AD and annotated 15 gene transcripts into a new pathway named “AD Causal Risk Pathway” (Cntnap2, Cd33, Psen2, Mapt, Psmb9, App, Psen1, Apoe, Trem2, Adam10, Psmb8, Spi1, Sorl1, Clu, C4a) (45–49). All RNA samples passed system QC parameters on imaging (fields of view > 75), binding density (0.1-2.25), and positive control linearity (R2 > 0.95). All RNA data passed the positive control limit of detection QC (0.5fM > 2*standard deviations above the arithmetic mean of the negative controls). The following basic threshold criteria were applied. A threshold count value of 10 was calculated as the gene transcript expression background (arithmetic mean of negative controls + 2*standard deviation). An observation frequency of 0.5 was applied for the background, indicating gene transcripts with counts lower than 10 were omitted if it happened to more than 50% of the samples. Therefore, 648 genes were above the background, and 122 genes were removed for falling below the background too frequently. A total of 6 house-keeping genes (Aars, Ccdc127, Cnot10, Csnk2a2, Lars, Mto1) were selected for data normalization by the geNorm algorithm (50). The p-values were adjusted for multiple testing by the false discovery rate (FDR) method of Benjamini and Hochberg correction (51). The matrix remodeling pathway was dropped from pathway scoring analysis due to less than five detected gene transcripts. In gene set analysis, a directed global significance score at ±1.3 was set as the cut-off value to reflect the top changed pathways further. Pathway scoring analysis and gene set analysis could independently assess a transcriptomic pathway’s change due to different algorithms.



Selection of Genes for nSolver Cell-type Profiling Analysis

In cell-type profiling analysis, we performed advanced nSolver analysis to select cell-type-specific marker gene transcripts to characterize the major central nervous system cells (see Figure 4A). We identified astrocytes (52–54), endothelial cells (53), microglia/macrophages (53–55), neurotransmitter-secreting neurons (53), oligodendrocytes (53), and mature neurons (53, 54). To clarify, the cell type scores can only be interpreted as relative cell abundance values rather than quantitative cell abundance in a group. Due to the counting and capturing efficiencies of individual cell-type-specific gene transcripts, one cell type score can be compared to the same cell type among different groups, but it cannot compare different cell types within the same group.




Selection of Focus Genes Indicative of Amyloid-β Associated Glial Transcriptomic Signatures for nSolver Analyses

Data from published transcriptomic studies using mouse models of amyloidosis were consulted to identify seven amyloid-β associated glial transcriptomic signatures. We cross-referenced these signature top prioritized genes with the NanoString mouse neuropathology panel (Figure 5A). We selected 17 out of 57 gene transcripts that overlap with Plaque Induced Genes (PIGs; purple WGCNA module genes in reference Table S3) and 30 out of 165 that overlap with Plaque Correlated Oligodendrocyte Genes (OLIGs; red WGCNA module genes in reference Table S3) (56). We selected 15 out of the top 117 that overlap with Disease-associated Microglia (DAM; sorted by p-values, -log10 (p-value) ≥ 21, up-regulated genes of “MG3/MG1” in reference Table S2 and Figure 6) and 9 out of total 36 that overlap with Homeostatic Microglia (HM; sorted by p-values, -log10 (p-value) ≥ 7, down-regulated genes of “MG3/MG1” in reference Table S1 and Figure 6) (57). We selected 20 out of total 114 that overlap with Microglial Neurodegenerative Phenotype (MGnD; sorted by fold-change, log2 (FC) ≥ 0.01, up-regulated genes of “APP-PS1 10mo/WT 10mo” in reference Table S1) and 25 out of top 169 that overlap with Tolerogenic Microglia (M0; sorted by fold-change, log2 (FC) ≤ -0.43, down-regulated genes of “APP-PS1 10mo/WT 10mo” in reference Table S1) (58). We selected 15 out of the top 121 that overlap with Disease-associated Astrocytes (DAA; sorted by p-values, -log10 (p-value) ≥ 21, up-regulated genes of “Cluster 4/Cluster 1” in reference Table S2) (59).


IPA Analysis

Ingenuity® Pathway Analysis (IPA®, 2000-2020, QIAGEN) was applied for functional enrichment analysis and causal analysis using the differentially expressed gene transcripts (DEGs, p < 0.05), as previously described (60, 61). IPA core analysis was performed to determine the top canonical pathways, predict upstream regulators, diseases/disorders, and biological functions based on two statistical measures (p-value and z-score). The p-value calculated the statistical significance of the overlap between the current dataset and the publicly available databases by a Fisher’s exact test. The z-score implicates how likely the predicted state is activated/increased (z ≥ 2) or inhibited/decreased (z ≤ -2) based on a comparison model. The p-values less than 0.05 were enforced for all analyses in IPA. For analysis in canonical pathways, pathways were sorted based on p-values, and the top five most significant pathways were listed. For upstream analysis, upstream regulators were sorted by z-score to focus on predicted activation (z ≥ 2) or inhibition (z ≤ -2). A gene interaction network was plotted, including the predicted upstream regulators and associated target gene transcripts. IPA regulator effect analysis suggested potential mechanisms. Diseases or functions were sorted by z-score to show predicted increased (z ≥ 2) or decreased (z ≤ -2) risk. To reduce data redundancy, overlapped items (pathways/diseases/functions) were removed if they shared the same target gene transcripts and linked to unrelated peripheral organs/cancer/tumors.



STRING Analysis

STRING (Version 11.0), part of the ELIXIR Core Data Resources, is known for its predicted protein-protein interactions but also analyzes mRNA gene transcript in the current version (62). STRING was applied for network analysis and functional enrichment analysis using differentially expressed gene transcripts (DEGs, p < 0.05) with log2 fold change (FC) values. The Normal Gene Set Analysis was performed in STRING based on the mouse organism (Mus musculus, NCBI taxonomy Id: 10090). In our STRING network, nodes represent gene transcripts, and edges represent the expressed protein-protein association. The halo color of the nodes was based on the rank of DEG log2 FC. For setting STRING analysis, the network of edges was built on evidence by interaction lines (textmining, experiments, databases, co−expression) with medium confidence (0.4). Disconnected nodes were hidden in the network. STRING network with protein-protein interaction (PPI) enrichment p-value less than 0.05 indicates statistical significance, suggesting the expressed genes were biologically connected as a group. Functional enrichment analysis by Reactome Pathways was sorted based on an FDR q-value less than 0.01 and a minimum observed gene count of 5.




Statistical Analysis

All statistical analyses were performed by SPSS (version 25.0, IBM Corp., Armonk, NY, USA). GraphPad Prism (version 8.4.3, GraphPad Software, San Diego, CA, USA) was used for generating graphs. In all cases, two-way ANOVA (2*2 factorial) was chosen to measure any main genotype effect in APP transgene (APP+/-/LysMcreTg/+ vs. nTg/LysMcreTg/+) or Arg1 haploinsufficiency (Arg1fl/+/LysMcreTg/+ vs. Arg1+/+/LysMcreTg/+), and the interaction of the two genotypes. Two-way ANOVA was followed by a pair-wise comparison test using Fisher’s PLSD to investigate further the two focused comparisons (APP+/-/Arg1+/+/LysMcreTg/+ vs. nTg/Arg1+/+/LysMcreTg/+; APP+/-/Arg1fl/+/LysMcreTg/+ vs. APP+/-/Arg1+/+/LysMcreTg/+).




Results


Experimental Design and Workflow of Gene Expression Profiling of Mouse Brains With APP Transgene and Arg1 Haploinsufficiency

To investigate the gene expression of arginase 1 in CNS cell types, we performed data-mining on 35 publicly available RNA sequencing (RNA-seq) studies using purified cell types from human and mouse brains (55, 63). We found ARG1 gene transcript was particularly up-regulated in microglia/macrophages (log2 FC = 3.228, adjusted p = 0.0006) but not in other CNS cell types in normal adult human brains (GSE73721) (Figure 1A) (64). We also found Arg1 gene transcript was only up-regulated in microglia/macrophages (CD11b+, log2 FC = 2.777, adjusted p = 0.0067) in response to LPS stimulation in normal adult mouse brains, but not in astrocytes and neurons (GSE75246) (Figure 1B) (65). Thus, we uncovered the arginase 1 transcript in these two RNA-seq datasets and found arginase 1 was mainly enriched and active in brain microglia/macrophages, aligning with our previous findings (39, 66–68). Therefore, we sought to repress Arg1 in myeloid cells to assess the impact of Arg1 deficiency in the mouse brain during the amyloidosis challenge.




Figure 1 | Arginase 1 gene expression in central nervous system cell types and the experimental workflow for mouse breeding and gene expression analysis. A search for RNA sequencing data sets enriched for purified central nervous system cell types from human and mouse brains identified two studies on arginase 1 expression. Datasets were obtained from the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO). Gene transcripts were measured by reads per kilobase per million total reads (log2 RPKM) and presented as violin plots with dots representing samples. The green bars at the top indicate significant up-regulation (p ≤ 0.05) with the fold change (log2 FC) relative to the control. (A) The human ARG1 gene transcript in purified cell types of normal adult human brains (GSE73721; Astrocytes, n=12; Endothelial Cells, n=2; Microglia/Macrophages, n=3; Neurons, n=1; Oligodendrocytes, n=5). (B) The Arg1 gene transcript in purified cell types of normal adult mouse brains injected with LPS (GSE75246; Astrocytes, Microglia/Macrophages, Neurons; Vehicle, n=5; LPS, n=5). (C) The schematic representation of the experimental workflow. The APP Tg2576 (APP+/-/Arg1+/+) mice were bred with non-transgenic Arg1 LoxP (nTg/Arg1fl/fl) mice to generate nTg/Arg1fl/+ mice and APP+/-/Arg1fl/+ mice. Both were then bred with LysMcreTg/+ mice to generate a total of four groups for the study. We harvested mouse brain RNA and performed gene expression profiling using the nCounter® mouse neuropathology panel (770 genes, NanoString Technologies, Inc.). Bioinformatic analyses were performed to investigate the four groups of mice (nTg/Arg1+/+/LysMcreTg/+, nTg/Arg1fl/+/LysMcreTg/+, APP+/-/Arg1+/+/LysMcreTg/+, APP+/-/Arg1fl/+/LysMcreTg/+, n=3 samples per group representing 6 mice), which cover two genotypes categorized into the APP transgene genotype (APP+/- vs nTg) and the Arg1 haploinsufficiency genotype (Arg1fl/+ vs Arg1+/+).



To target myeloid cells, we chose to use mice with the lysozyme M Cre-recombinase (LysMcre) knock-in/knockout allele, which expresses mainly in myelomonocytic cells of the myeloid lineage (monocytes, macrophages, microglia, and granulocytes) (69–72). We presented a schematic design on cross-breeding mice of Arg1 LoxP (non-transgenic, nTg/Arg1fl/fl) with APP Tg2576 mice (APP+/-/Arg1+/+) to produce nTg/Arg1fl/+ and APP+/-/Arg1fl/+ mice, both of which were further bred with LysMcre mice (LysMcreTg/+) to generate four groups of mice for the study (Figure 1C) (72).

We extracted total RNA from the posterior cortex and pooled two samples segregated by genotype, gender, and age. Then, we performed digital RNA profiling using the nCounter® mouse neuropathology panel with coverage of 770 genes to investigate the transcriptomic pathway alterations in neurodegenerative diseases like AD (73–76) and common microglial gene expression signatures (77, 78). We utilized the nCounter® analysis system to directly count and quantify the abundance of RNA molecules with high reproducible results (79, 80). This unique RNA measuring technique permits a higher sensitivity than traditional real-time quantitative reverse transcription PCR (qRT-PCR) (81, 82) and microarrays (83, 84) without cDNA reverse transcription and amplification, while also allowing to procure data much faster than RNA-seq (85) and single-cell RNA-seq (scRNA-seq) (86) without cDNA library preparation (87). Finally, we performed strategic analyses in bioinformatics and statistics based on the four experimental groups in the order of nTg/Arg1 sufficient mice (nTg/Arg1+/+/LysMcreTg/+), nTg/Arg1 insufficient mice (nTg/Arg1fl/+/LysMcreTg/+), APP/Arg1 sufficient mice (APP+/-/Arg1+/+/LysMcreTg/+), and APP/Arg1 insufficient mice (APP+/-/Arg1fl/+/LysMcreTg/+). Four groups were also branched into two covariates of genotype: APP transgene genotype comparing APP mice (APP+/-) to nTg mice (nTg) and Arg1 haploinsufficiency genotype comparing Arg1 insufficient mice (Arg1fl/+) to Arg1 sufficient mice (Arg1+/+; Tables S1–S4) (Figure 1C).

The heat map of all normalized data displayed mouse clustering under two genotypes with 648 gene transcripts measured above the background expression threshold (Figure S1A). All samples passed QC metrics and were automatically segregated by the two genotypes (Figure S1A). Notably, samples were correctly clustered by the APP transgene genotype. Principal component analysis (PCA) calculated the first four principal components (PCs) of all data with PC1 (20%), PC2 (11%), PC3 (10%), and PC4 (9%) plotting to each other against the four groups (Figure S1B). Accounting for the highest percentage of genotype variance, the PC1 identified modest but clear sample separation due to the APP transgene genotype, but to a lesser extent for the Arg1 haploinsufficiency genotype (Figure S1B). It suggests that the overexpression of human APP transgene dominates the overall differential expression of genes, whereas the myeloid Arg1 haploinsufficiency becomes a secondary influencing factor.



Pathway Scoring Analysis of Fundamental Neurodegeneration Pathways in Mouse Brains With APP Transgene and Arg1 Haploinsufficiency

All genes were annotated in 25 gene signature pathways of neurodegeneration (two disease pathways and 23 functional pathways) that were categorized into seven fundamental themes (one disease theme and six functional themes) (Figure 2A). To analyze each gene signature pathway, pathway scoring analysis (PSA) was performed to create a score for each group using the first principal component dataset of the pathway’s gene set (44, 88). The sum of all four groups equilibrated to zero value in each pathway, while their scores indicated up or down-regulation relative to each other. Collectively, pathway scores were visualized in a heat map to represent all pathways’ clustering across samples under two genotypes. We observed clustering of the APP transgene genotype between APP mice (APP+/-/LysMcreTg/+) and nTg mice (nTg/LysMcreTg/+), and clear sub-clustering of Arg1 insufficient mice (Arg1fl/+/LysMcreTg/+) and Arg1 sufficient mice (Arg1+/+/LysMcreTg/+) except for one sample (Figure 2B).




Figure 2 | Pathway scoring analysis of fundamental neurodegeneration pathways. (A) A table of signature pathways and themes of nCounter® mouse neuropathology panel. A total of 25 fundamental signature pathways are mapped into seven themes covering one disease theme and six functional themes. (B) A heat map of pathway scoring analysis provides an overview of pathway distribution and clustering across all samples. Score color in orange or blue indicates up or down-regulation of each pathway in each sample, respectively. All scores are presented on the same scale via a z-transformation. (C, D) Scores for pathways of AD causal risk pathway (C) and disease association (D) under the theme of neurodegeneration disease association. (E) Score for the pathway of neuronal cytoskeleton under the theme of compartmentalization & structural integrity. (F, G) Scores for pathways of autophagy (F) and lipid metabolism (G) under the theme of metabolism. (H, I) Scores for pathways of activated microglia (H) and cytokines (I) under the theme of neuroinflammation. (J, K) Scores for pathways of angiogenesis (J) and apoptosis (K) under the theme of neuroplasticity, development & aging. (L) Score for the pathway of myelination under the theme of neuron-glia interaction. (M) Score for the pathway of transmitter synthesis and storage under the theme of neurotransmission. All samples are displayed in violin plots with the median denoted as a line. Within each pathway, score values from four groups have been centered to a mean of zero. Pathways that show statistically significant main APP transgene genotype effects are highlighted in red or blue to indicate up or down-regulation, respectively. n=3 samples per group representing 6 mice. The asterisk sign (*) indicates the main effect of APP transgene genotype and its pair-wise comparisons. The number sign (#) indicates the main effect of the Arg1 haploinsufficiency genotype and its pair-wise comparisons. Interaction of the two genotypes is indicated vertically by the p values. */#p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Two-way ANOVA of 2x2 factorial analysis followed by pairwise comparisons using Fisher’s PLSD.



Then we statistically analyzed the 25 gene signature pathway scores and described them here. Compared to nTg mice, we found that APP mice up-regulated eight pathways and down-regulated one pathway due to the main genotype effect in APP transgene. The eight up-regulated pathways were AD causal risk pathway (p < 0.0001, Figure 2C), disease association (p = 0.002, Figure 2D), neuronal cytoskeleton (p < 0.0001, Figure 2E), autophagy (p < 0.0001, Figure 2F), activated microglia (p < 0.0001, Figure 2H), cytokines (p = 0.002, Figure 2I), angiogenesis (p = 0.010, Figure 2J), and myelination (p < 0.0001, Figure 2L). The one down-regulated pathway was transmitter synthesis and storage (p = 0.021; Figure 2M). On the other side, we did not find any main genotype effect in Arg1 haploinsufficiency except for an increasing trend in apoptosis (p = 0.083, Figure 2K). However, we observed increased myelination (p = 0.023, Figure 2L) and an increasing trend in lipid metabolism (p = 0.054, Figure 2G) with the pairwise comparison of APP/Arg1 insufficient mice to APP/Arg1 sufficient mice. We also found an increased trend for two genotypes’ interaction in myelination (p = 0.058, Figure 2L) and lipid metabolism (p = 0.087, Figure 2G). In addition, the heat map of the correlation matrix of all gene signature pathways clearly separated pathways of up-regulation and down-regulation into the opposite direction (Figure S1C). To summarize, the APP transgene exerted stronger effects on gene expression than did Arg1 haploinsufficiency, mostly by increasing transcriptomic pathways associated with the risk of neurodegeneration diseases (AD causal risk/disease association) and neuroinflammation (activated microglia/cytokines).



Gene Set Analysis for Measuring Differential Expression of Neurodegeneration Pathways in Mouse Brains With APP Transgene and Arg1 Haploinsufficiency

To assess changes of signature pathways in APP transgene and Arg1 haploinsufficiency genotypes, we performed gene set analysis (GSA) to measure the cumulative evidence for the differential expression of a pathway’s gene set. GSA calculates a directed global significance score (GSS) for each pathway based on the square root of the mean (signed) squared t-statistic of the gene set’s genes (44). Positive or negative GSS values indicate a pathway is overall up or down-regulated, respectively. We also adopted a GSS threshold value of ± 1.3 to indicate significance. The GSA heat map clearly segregated pathways of up-regulation and down-regulation (Figure 3A).




Figure 3 | Gene set analysis for measuring overall pathway differential expression. (A) A heat map of directed global significance scores (GSS) against covariate of APP transgene genotype (APP+/-/LysMcreTg/+ vs nTg/LysMcreTg/+) and Arg1 haploinsufficiency genotype (Arg1fl/+/LysMcreTg/+ vs Arg1+/+/LysMcreTg/+). All gene sets are presented on the same scale via a z-transformation. Gene sets that show statistically significant main APP transgene genotype effects from pathway scoring analysis are highlighted in red or blue to indicate up or down-regulation, respectively. (B) A bar graph of APP transgene genotype ranks all signature pathways with directed GSS values. (C) A bar graph of Arg1 haploinsufficiency genotype ranks all signature pathways with directed GSS values. The up or down regulated pathway is indicated by positive or negative GSS values, respectively. The red or blue dashed line highlights the up or down regulated pathways based on the cut-off criterion (absolute GSS value at 1.3). Also, the statistically significant pathways of main APP transgene genotype effect identified in pathway scoring analysis are additionally annotated with red or blue asterisk sign (*). *p < 0.05; **p < 0.01; ****p < 0.0001.



Comparing APP mice (APP+/-/LysMcreTg/+) to nTg mice (nTg/LysMcreTg/+), the top eight up-regulated transcriptomic pathways were AD causal risk pathway (GSS = 2.922), activated microglia (GSS = 2.665), autophagy (GSS = 2.497), neuronal cytoskeleton (GSS = 2.442), cytokines (GSS = 2.044), angiogenesis (GSS = 1.806), myelination (GSS = 1.699), and disease association (GSS = 1.575) (Figure 3B). Interestingly, these eight pathways were also increased in PSA due to the main genotype effect in APP transgene (p < 0.05, Figures 2C–F,  H–J, L). However, we did not find changed pathways that met the cut-off GSS significance values when comparing Arg1 insufficient mice (Arg1fl/+/LysMcreTg/+) to Arg1 sufficient mice (Arg1+/+/LysMcreTg/+) (Figure 3C). In summary, two different pathway scoring algorithms (PSA and GSA) identified the overlapped up-regulated transcriptomic pathways enriched in neurodegeneration disease association (AD causal risk pathway/disease association), neuroinflammation (activated microglia/cytokines), and others (autophagy/neuronal cytoskeleton/angiogenesis/myelination), caused by the human APP transgene.



Cell-type Profiling Analysis of Central Nervous System Reveals APP Transgene Activates Microglia/Macrophages and Myeloid Arg1 Deficiency During Amyloidosis Promotes Oligodendrocytes

We performed a cell-type profiling analysis (CPA) on CNS cells using their cell-type-specific gene transcripts to explore which cell types changed across four groups due to the two covariates of genotype. We first applied a QC p-value to investigate the validity of measuring each cell type. Statistically significant cell types (QC p ≤ 0.05) indicate the selected marker gene transcripts exhibit a significant cell-type-specific correlation than randomly selected genes with a similar size. This stringent algorithm requires selecting cell-type-specific genes that are consistently expressed above background while keeping a correlation expression slope close to 1 (44, 89). Therefore, we confidently characterized cell types of astrocytes (QC p < 0.0001), endothelial cells (QC p < 0.0001), microglia/macrophages (QC p < 0.0001), neurotransmitter-secreting neurons (QC p = 0.010), oligodendrocytes (QC p = 0.040), but not the mature neurons (QC p = 0.060) (Figure 4A). The CPA heat map presented the clustering of cell types (QC p ≤ 0.05) corresponding to genotypes of APP transgene and Arg1 haploinsufficiency (Figure 4B). The CPA line plot showed the relative cell-type transcriptomic changes in selected marker gene transcripts’ abundance across groups (Figure 4C).




Figure 4 | Cell-type profiling analysis of the central nervous system. (A) A table lists central nervous system cell types, QC p-value, pan marker gene transcripts, and references. (B) Heat map of cell-type profiling analysis provides an overview of cell-type distribution and clustering across all samples within two covariates of genotype. The z-score color in orange or blue indicates a high or low abundance of cell-type-specific gene transcripts, respectively. All scores are presented on the same scale via a z-transformation. (C) A line plot of relative cell-type transcriptomic changes in selected marker gene transcripts’ abundance across groups. Each cell type score was centered to zero value. (D, E) Cell type scores of microglia/macrophages (D) and oligodendrocytes (E) are displayed in a violin plot against four groups. All samples are displayed, and the median is denoted with a line. n=3 samples per group representing 6 mice. Cell types highlighted in red indicates main APP transgene genotype effect in cell type scores. The asterisk sign (*) indicates the main effect of APP transgene genotype and its pair-wise comparisons. *p < 0.05; ***p < 0.001; ****p < 0.0001. Two-way ANOVA of 2x2 factorial analysis followed by pairwise comparisons using Fisher’s PLSD.



Furthermore, the average log2 counts of the selected marker gene transcripts were calculated as the cell type scores. Comparing APP/Arg1 sufficient mice with nTg/Arg1 sufficient mice, we observed increased cell type score only in microglia/macrophages (Fcrls, Itgam, Trem2, Irf8, CD68, Hexb, Cx3cr1; p = 0.001, Figure 4D), but not other CNS cell types including oligodendrocytes (Mog, Pllp, Plxnb3, Gsn, Fa2h, Mag; p = 0.351, Figure 4E). Surprisingly, APP/Arg1 insufficient mice showed increased cell type score over the nTg/Arg1 insufficient mice in both microglia/macrophages (p = 0.001, Figure 4D) and oligodendrocytes (p = 0.038, Figure 4E). Therefore, both microglia/macrophages (p < 0.0001, Figure 4D) and oligodendrocytes (p = 0.04, Figure 4E) suggested main effects in APP transgene genotype. Collectively, the CPA data strongly suggest that APP transgene activates microglia/macrophages, and myeloid Arg1 deficiency during amyloidosis promotes oligodendrocytes, by which CNS cell types presumably drive the regulation of neurodegeneration.



Myeloid Arg1 Deficiency During Amyloidosis Enhances Amyloid-β Associated Glial Transcriptomic Signatures Biased for Promoting Homeostatic Microglial Genes

Recent progress in studying glia (microglia/astrocytes/oligodendrocytes) using scRNA-seq techniques has established specific transcriptomic signature identities and pathophysiological roles in mouse models of neurodegenerative diseases, including AD (90–92). Therefore, disease-associated microglia (DAM) (57), microglial neurodegenerative phenotype (MGnD) (58), and disease-associated astrocytes (DAA) (59) were all considered disease-associated phagocytic glial cells commonly induced in responding to Aβ plaques. Meanwhile, they suppressed non-phagocytic glial cells like homeostatic microglia (HM) (57) and tolerogenic microglia (M0) (58). Most recently, novel signatures of plaque induced genes (PIGs) and plaque correlated oligodendrocyte genes (OLIGs) were found positively correlated with Aβ plaque burden (56). The PIGs were mainly expressed by microglia and astrocytes that closely interacted with Aβ plaques, while oligodendrocytes primarily expressed the OLIGs in regulating myelination. Interestingly, the PIGs shares 41% of genes with DAM/MGnD signatures (Apoe, Trem2, C4a, Cd9, Grn, Gusb, Npc2), 41% with HM/M0 signatures (C1qa, C1qb, C1qc, Csf1r, Cx3cr1, Hexb, Fcrls), 12% with DAA signature (Clu, Gfap), and 6% of others (Man2b1), strongly suggesting Aβ associated glial transcriptomic signatures are a mix of glial genes covering disease-associated state and homeostatic state (Figure 5A).




Figure 5 | Pathway scoring analysis of amyloid-β associated glial transcriptomic signatures. (A) A table lists seven key glial transcriptomic signatures attributed to amyloid-β stimulus described in recent milestone publications using different mouse models of amyloidosis. (B) A heat map of pathway scoring analysis provides an overview of the glial signature distribution and sample clustering. The z-score color in orange or blue indicates up or down-regulation of glial signature by each sample. All scores are presented on the same scale via a z-transformation. (C) A line plot of seven glial signatures’ scores shows the transcriptomic changes across groups. Signature cores have been centered to a value of zero. (D) The score of amyloid-β associated glial transcriptomic signatures is summarized as the average of seven glial signatures’ scores. (E, F) Gene set analysis is presented in bar graphs using directed global significance scores (GSS) by comparing APP+/-/Arg1+/+/LysMcreTg/+ to nTg/Arg1+/+/LysMcreTg/+ (E) and APP+/-/Arg1fl/+/LysMcreTg/+ to APP+/-/Arg1+/+/LysMcreTg/+ (F). The red or blue dashed line highlights the top up or down regulated signatures that meet the cut-off criterion (absolute GSS value at 1.3). Also, the statistically significant signatures from pathway scoring analysis are additionally annotated with red asterisk sign (*). n=3 samples per group representing 6 mice. The asterisk sign (*) indicates the main effect of APP transgene genotype and its pair-wise comparisons. The number sign (#) indicates the main effect of the Arg1 haploinsufficiency genotype and its pair-wise comparisons. */#p < 0.05, **p < 0.01; ****p < 0.0001. Two-way ANOVA of 2x2 factorial analysis followed by pairwise comparisons using Fisher’s PLSD.



We have shown that brain myeloid cells (microglia/macrophages) express the highest arginase 1 among CNS cell types (Figures 1A, B), and they were also activated in APP mice (Figure 4D). This would suggest that Arg1 deficiency in myeloid cells may affect their normal immune response and reparative role upon various stimuli. It is unknown if myeloid Arg1 deficiency impacts the glial signatures during the challenge of the Aβ stimulus. To address this question, we systematically matched our data with those above seven major published Aβ associated glial gene signatures solely characterized in mouse models of amyloidosis (Figure 5A).

We first performed PSA and displayed it in a heat map, indicating the significant role of APP transgene in segregating the APP mice from the nTg mice with extensive gene signature overexpression (Figure 5B). We also presented a line plot showing that the APP mice had an increased signature score than the nTg mice, whereas the APP/Arg1 insufficient mice kept the highest score in all glial signatures than any other groups (Figure 5C). Collectively, we collated the seven signatures and merged them as amyloid-β associated glial transcriptomic signatures. We observed an increased signature score in the main genotype effect of APP transgene (p < 0.0001) and its pairwise comparison between APP/Arg1 sufficient mice and nTg/Arg1 sufficient mice (p = 0.003). Most importantly, the APP/Arg1 insufficient mice had an increased score than the APP/Arg1 sufficient mice (p = 0.049). (Figure 5D).

Combining PSA with GSA, we found gene signatures of PIGs (p = 0.002, GSS = 3.351), DAM (p = 0.004, GSS = 3.103), DAA (p = 0.005, GSS = 2.519), HM (p = 0.048, GSS = 1.992), and MGnD (p = 0.024, GSS = 1.805) were up-regulated comparing APP/Arg1 sufficient mice to nTg/Arg1 sufficient mice (Figure 5E). Although no significance in PSA, we discovered gene signatures of PIGs (GSS = 1.667), HM (GSS = 1.646), DAA (GSS = 1.410), DAM (GSS = 1.365), M0 (GSS = 1.354), and OLIGs (GSS = 1.322) were up-regulated in GSA comparing APP/Arg1 insufficient mice to APP/Arg1 sufficient mice (Figure 5F). Notably, myeloid Arg1 deficiency in APP mice further activated the PIGs as its top changed signature while promoting HM as the second (Figure 5F). To summarize, these data suggest that myeloid Arg1 deficiency enhances Aβ associated glial transcriptomic signatures leaning towards homeostatic and non-phagocytic directionality.



Human APP Transgene Elevates Gene Signatures Associated With Autophagy, Activated Microglia and Inflammatory Response of Myeloid Cells in Mouse Brain

To measure the effect of human APP (KM670/671NL, Swedish) overexpression in Arg1 sufficient mice, we performed differential gene expression analysis by comparing APP/Arg1 sufficient mice to nTg/Arg1 sufficient mice and thus identified 47 differentially expressed gene transcripts (DEGs, p < 0.05) (Table S1). A clustering heat map segregated the two groups based on these DEGs (Figure 6A). The top DEGs with high statistical significance and fold change variance could be visualized in the volcano plot (Figure 6B). Furthermore, we created PCA biplots using the top 15 DEGs based on log2 fold change. The up-regulated DEGs (Irf8, C4a, Gfap, Trem2, Mta2, Gba, Cd68, Stab1, Osmr, Hmox1, Cd33, Fcrls) and down-regulated DEGs (Ncl, Lpar1, Ache) successfully separated the two groups by a leading PC1 (54.7%) and a PC2 (14.4%) (Figure 6C). The APP/Arg1 sufficient mice had increased transcriptomic pathway scores than nTg/Arg1 sufficient mice in autophagy (p = 0.001, Figure 2F), activated microglia (p = 0.010, Figure 2H), AD causal risk pathway (p = 0.002, Figure 2C), neuronal cytoskeleton (p = 0.006, Figure 2E), disease association (p = 0.041, Figure 2D), and myelination (p = 0.003, Figure 2L) (Figure 6D). The DEGs of these pathways were also listed (Figure 6E). The GSA showed that the top 3 up-regulated pathways that met the cut-off GSS criterion were autophagy (GSS = 1.900), activated microglia (GSS = 1.672), and AD causal risk pathway (GSS = 1.665) (Figure 6D). We observed 13 out of the top 15 DEGs contributed to the top changed pathways identified by PSA and GSA (Figure 6E). Importantly, the AD causal risk pathway has 60% microglia related genes in its gene set (Cd33, Psen2, Psmb9, Apoe, Trem2, Psmb8, Spi1, Clu, C4a) and its up-regulated DEGs (C4a, Trem2, Cd33) overlapped with activated microglia pathway (Figure 6E). Notably, CPA showed that the APP/Arg1 sufficient mice activated microglia/macrophages cell-type-specific gene transcripts than nTg/Arg1 sufficient mice (Figure 4D). These transcriptomics data suggest that Aβ plaque activated brain myeloid cells with increased autophagy.




Figure 6 | Differential gene expression analysis of overexpressing human APP KM670/671NL Swedish mutation in mouse brain. (A) A heat map with dendrogram trees represents clustering of samples and differentially expressed gene transcripts (DEGs, p < 0.05) by comparing APP+/-/Arg1+/+/LysMcreTg/+ to nTg/Arg1+/+/LysMcreTg/+ mice. The heat map uses the average Euclidean distance for the linkage and is centered and scaled by the z-score transformation. Red and green colors denote up and down expressed gene transcript, respectively. (B) A volcano plot displays all expressed genes above the background. Gene transcripts with high statistical significance stay on the top and high fold-change stay on either side. The left and right side of the volcano plot displays the down and up expressed genes, respectively. Horizontal lines indicate different thresholds of the p-values. The top 40 DEGs (based on p-values) are labeled. (C) A biplot of principal component analysis and a table are created by the top 15 DEGs with the highest fold-change variance. (D) A bar graph of gene set analysis ranks all signature pathways with directed global significance scores (GSS). The up or down regulated pathway is indicated by positive or negative GSS values. The red or blue dashed line highlights the top changed pathways based on the cut-off criterion (absolute GSS value at 1.3). The statistically changed pathways from pair-wise comparison in pathway scoring analysis are annotated with red asterisk sign (*) for up-regulation. (E) A table lists DEGs of the top changed pathways from both gene set analysis and pathway scoring analysis. The top 15 DEGs are bolded. Up/Down denotes up/down-regulation. n=3 samples per group representing 6 mice. The asterisk sign (*) indicates the focused pair-wise comparison of APP transgene genotype. *p < 0.05, **p < 0.01; ***p < 0.001. Two-way ANOVA of 2x2 factorial analysis followed by pairwise comparisons using Fisher’s PLSD. See also Table S1.



Next, we performed Ingenuity Pathway Analysis (IPA) based on the DEGs mentioned above. First, IPA identified the top five canonical pathways (based on p-values) were neuroinflammation signaling pathway, acute phase response signaling, dendritic cell maturation, role of Jak family kinases in Il-6-type cytokine signaling, and endothelin-1 signaling (Figure 7A). Importantly, the neuroinflammation signaling pathway was the top activated pathway with the highest statistical significance (p = 9.33E-09) and the most target gene transcripts (Bcl2, Calb2, Grin1, Hmox1, Il6, Mapk8, Rela, Stat1, Trem2) (Figure 7A). Secondly, IPA predicted activated upstream regulators (Il6, App; z ≥ 2.0) and inhibited upstream regulators (Notch1, Tsc2; z ≤ -2.0) (Figure 7B). By displaying the predicted upstream regulators in a hierarchical gene interaction network, we observed that App was the top-notch upstream regulator that causes the entire network with the highest significance (p = 5.90E-09, z = 2.037) and the most target gene transcripts (Ache, Bcl2, C4a/C4b, Cd68, Gfap, Gnao1, Grin1, Hmox1, Il6, Mbp, Nos1, Rela, Sirt1, Stx1b) (Figures 7B, D). Moreover, IPA built two networks of regulatory effects based on the four predicted upstream regulators. One network was composed of Il6, Notch1, and Tsc2, pointing to one biological function in macrophages’ immune response with four target gene transcripts (Grn, Hmox1, Irf8, Rela). Another network was by App alone linked to one disease in motor dysfunction with five target gene transcripts (Bcl2, Gfap, Grin1, Il6, Sirt1). Next, we used IPA to study the top diseases/disorders and biological functions. It predicted neurological diseases with increased motor dysfunction and movement disorders (z ≥ 2.0) (Figure 7C). It also predicted that the inflammatory response was the top (based on z-score) increased biological function, including the increased immune response of cells, accumulation of phagocytes, immune response of macrophages, and immune response of antigen presenting cells (z ≥ 2.0) (Figure 7C). It also predicted other functions in lipid metabolism (increased synthesis of glycolipid and synthesis of lipid, z ≥ 2.0), cell death and survival (increased cell death of epithelial cells, z ≥ 2.0; decreased cell viability of epithelial cell lines, z ≤ -2.0), as well as nervous system development (decreased long-term potentiation, z ≤ -2.0) (Figure 7C). Lastly, we performed STRING analysis and plotted the connected DEGs to generate a gene interaction network (PPI p-value < 1.0E-16), highlighted by significant pathways identified by Reactome Pathways. These were innate immune system (q = 0.0028) and immune system (q = 0.0063) (Figures 7E, F). Overall, these data strongly suggest overexpression of human APP (KM670/671NL, Swedish) in mouse brain activates gene signatures of innate immune response associated with brain myeloid cells.




Figure 7 | Ingenuity Pathway Analysis and STRING network analysis of overexpressing human APP KM670/671NL Swedish mutation in mouse brain. Differentially expressed gene transcripts (DEGs, p < 0.05) created by comparing APP+/-/Arg1+/+/LysMcreTg/+ to nTg/Arg1+/+/LysMcreTg/+ mice were analyzed by Ingenuity Pathway Analysis (IPA) and STRING network analysis using publicly available databases. (A) A table lists the top five canonical pathways (based on p-values). (B) A table lists the top predicted upstream regulators (based on z-scores). (C) A table lists the top predicted diseases and functions under different categories (based on z-scores). An absolute z-score value at 2.0 was set as the cut-off criterion to predict the activated/increased (z-score > 0) or inhibited/decreased (z-score < 0) states, and were highlighted in red or green. (D) IPA network displays the predicted upstream regulators in a hierarchical order. Upstream regulators predicted as activation or inhibition are colored in orange or blue. DEGs are colored in red or green, indicating increased or decreased expression. DEGs involved in Alzheimer’s disease are also highlighted with a purple border. Direct or indirect gene interactions are in solid or dash lines with orange or blue colors indicating activation or inhibition. The intensity of color shading represents either measured fold-change magnitude or predicted activation/inhibition magnitude. (E) STRING network of the connected DEGs is presented. Each node represents a DEG with a halo color of red to blue, indicating high to low values of log2 fold-change. Nodes in different colors are annotated based on the top Reactome Pathways. Each edge line represents an interaction between two DEGs based on parameters of databases (cyan), experiments (purple), textmining (yellow), and co-expression (black). (F) A table lists the top Reactome Pathways from STRING functional enrichment analysis. The false discovery rate (FDR) q-value is set at ≤ 0.01. The observed gene count is set at ≥ 5. DEGs highlighted in red or green indicate up or down expression. n=3 samples per group representing 6 mice.





Myeloid Arg1 Deficiency Promotes Gene Signatures Associated With Lipid Metabolism, Myelination and Migration of Myeloid Cells in Mouse Brain During Amyloidosis

To determine the impact of reducing Arg1 in a mouse model of amyloidosis, we obtained 33 DEGs (p < 0.05) in comparison of APP/Arg1 insufficient mice to APP/Arg1 sufficient mice (Table S2). The heat map of DEGs clustered the two groups separately (Figure 8A). The volcano plot displays the top DEGs with a high magnitude of significance and variance (Figure 8B). We also analyzed the PCA biplots using the top 15 DEGs (based on log2 fold change). The up-regulated DEGs (C3, Fas, Ache, Slc2a1, Epha3, Il4ra, Casp6, Emcn, Ncl, Grin2d, Nos1, U2af2, Cers4) and down-regulated DEGs (Creb1, Mta2) separated the APP/Arg1 insufficient group from the APP/Arg1 sufficient group with a PC1 (43.6%) and a PC2 (16.7%) (Figure 8C). The PSA and GSA simultaneously showed that APP/Arg1 insufficient mice activated transcriptomic pathways in lipid metabolism (p = 0.054, Figure 2G; GSS = 1.406, Figures 8D, E) and myelination (p = 0.023, Figure 2L; GSS = 1.394, Figures 8D, E) compared to APP/Arg1 sufficient mice.




Figure 8 | Differential gene expression analysis of LysMcre dependent Arg1 haploinsufficiency in mouse brain with amyloidosis. (A) A heat map with dendrogram trees represents agglomerative clustering of samples and differentially expressed gene transcripts (DEGs, p < 0.05) by comparing APP+/-/Arg1fl/+/LysMcreTg/+ to APP+/-/Arg1+/+/LysMcreTg/+ mice. The heat map uses the average Euclidean distance for the linkage and is centered and scaled by the z-score transformation. Red and green colors denote up and down expressed gene transcript, respectively. (B) A volcano plot displays all expressed genes above the background. Gene transcripts with high statistical significance stay on the top and high fold-change stay on either side. The left and right side of the volcano plot displays the down and up expressed genes, respectively. Horizontal lines indicate different thresholds of the p-values. The top 40 DEGs (based on p-values) are labeled. (C) A biplot of principal component analysis and a table are created by the top 15 DEGs with the highest fold-change variance. (D) A bar graph of gene set analysis ranks all signature pathways with directed global significance scores (GSS). The up or down regulated pathway is indicated by positive or negative GSS values. The red or blue dashed line highlights the top changed pathways based on the cut-off criterion (absolute GSS value at 1.3). The statistically changed pathways from pair-wise comparison in pathway scoring analysis are annotated with p-value or red number sign (#) for up-regulation. (E) A table lists DEGs of the top changed pathways in gene set analysis. The top 15 DEGs are bolded. Up/Down denotes up/down-regulation. n=3 samples per group representing 6 mice. The number sign (#) indicates the focused pair-wise comparison of Arg1 haploinsufficiency genotype. #p < 0.05. Two-way ANOVA of 2x2 factorial analysis followed by pairwise comparisons using Fisher’s PLSD. See also Table S2.



We then applied IPA on the DEGs and observed the top five canonical pathways (based on p-values) consisting of the neuroinflammation signaling pathway, glucocorticoid receptor signaling, synaptogenesis signaling pathway, Ephrin receptor signaling, and PEDF signaling (Figure 9A). Notably, the most significant neuroinflammation signaling pathway had the highest activation z-score ((p = 1.66E-07, z = 1.633) and the most target gene transcripts (Akt2, Bcl2, Creb1, Fas, Gabrb3, Grin2d, Tgfbr2) (Figure 9A). IPA predicted one activated upstream regulator (Il5, z ≥ 2.0, biased) and one inhibited upstream regulator (Pten, z ≤ -2.0) with an interactive gene regulation network (Figures 9B, D). Furthermore, IPA further built one upstream regulatory network based on Il5 with five target gene transcripts (Bcl2, Cd9, Fas, Il4r, Slc2a1) and was associated with three biological functions (formation of lymphoid tissue, migration of cells, vasculogenesis). Furthermore, although no disease was predicted by IPA (z ≥ 2.0 or z ≤ -2.0), we found that neurological diseases were increased with a trend in neurodegeneration of sensory neurons (z = 1.980) and injury of nervous system (z = 1.678) (Figure 9C). IPA successfully predicted that the top changed function was a cellular movement in biological functions, with increased migration of cells, cell movement, and cell movement of myeloid cells (z ≥ 2.0) (Figure 9C). Other predicted functions included cardiovascular system development (increased angiogenesis and vasculogenesis, z ≥ 2.0), lymphoid tissue structure and development (increased formation of lymphoid tissue and lymphopoiesis, z ≥ 2.0), cellular growth and proliferation (increased cytostasis, z ≥ 2.0), gene expression (increased transcription of RNA, z ≥ 2.0), cell death and survival (increased cell death of sensory neurons, z ≥ 2.0), and organismal survival (decreased organismal death, z ≤ -2.0) (Figure 9C). Finally, the STRING network of interacted DEGs was established (PPI p-value = 9.28E-05) (Figure 9E). The STRING functional enrichment analysis identified significant pathways via Reactome Pathways in transmission across chemical synapses (q = 0.0022), innate immune system (q = 0.0074), immune system (q = 0.0074), and metabolism of lipids (q = 0.0074), all of which were annotated in the network (Figures 9E, F). Collectively, these transcriptomic findings suggest myeloid Arg1 deficiency activates gene signatures of lipid metabolism and myelination and promotes myeloid cell migration in the mouse brain of amyloidosis.




Figure 9 | Ingenuity Pathway Analysis and STRING network analysis of LysMcre dependent Arg1 haploinsufficiency in mouse brain with amyloidosis. Differentially expressed gene transcripts (DEGs, p < 0.05) created by comparing APP+/-/Arg1fl/+/LysMcreTg/+ to APP+/-/Arg1+/+/LysMcreTg/+ mice were analyzed by Ingenuity Pathway Analysis (IPA) and STRING network analysis using publicly available databases. (A) A table lists the top five canonical pathways (based on p-values). (B) A table lists the top predicted upstream regulators (based on z-scores). (C) A table lists the top predicted diseases and functions under different categories (based on z-scores). An absolute z-score value at 2.0 was set as the cut-off criterion to predict the activated/increased (z-score > 0) or inhibited/decreased (z-score < 0) states and were highlighted in red or green. (D) IPA network displays the predicted upstream regulators in a hierarchical order. Upstream regulators predicted as activation or inhibition are colored in orange or blue. DEGs are colored in red or green, indicating increased or decreased expression. DEGs involved in Alzheimer’s disease are also highlighted with a purple border. Direct or indirect gene interactions are in solid or dash lines with orange or blue colors indicating activation or inhibition. The intensity of color shading represents either measured fold-change magnitude or predicted activation/inhibition magnitude. (E) STRING network of the connected DEGs is presented. Each node represents a DEG with a halo color of red to blue, indicating high to low values of log2 fold-change. Nodes in different colors are annotated based on the top Reactome Pathways. Each edge line represents an interaction between two DEG transcripts based on parameters of databases (cyan), experiments (purple), textmining (yellow), and co-expression (black). (F) A table lists the top Reactome Pathways from STRING functional enrichment analysis. The false discovery rate (FDR) q-value is set at ≤ 0.01. The observed gene count is set at ≥ 5. Gene transcripts highlighted in red or green indicate up or down expression. n=3 samples per group representing 6 mice.






Discussion

Together with our previous findings reporting that myeloid Arg1 insufficiency precipitates Aβ deposition (39), the current transcriptomic analysis shows that myeloid Arg1 insufficiency activates Aβ plaque-associated glial gene signatures to exacerbate neurodegeneration. First, we demonstrated that the APP transgene up-regulated pathways most related to autophagy, activated microglia, and AD causal risk, while Arg1 haploinsufficiency up-regulated pathways of lipid metabolism and myelination. Second, we demonstrated that APP transgene mostly activated microglia/macrophages and myeloid Arg1 deficiency during amyloidosis promoted oligodendrocytes by analyzing cell-type-specific gene expression. Next, we provided strong evidence from analyzing key Aβ plaque-associated glial transcriptomic signatures to support the notion that APP transgene activated these signatures mostly by inducing disease-associated microglial genes, whereas myeloid Arg1 haploinsufficiency increased them further by largely eliciting homeostatic microglial genes. Collectively, this is the first report to suggest that Arg1 deficient brain myeloid cells align transcriptome signatures that may phagocytose less Aβ plaques, thus aggravating the accumulation of Aβ plaques and possibly neurodegeneration.

Microglia perform various functions, maintaining CNS homeostasis during normal aging and front-line responders and inducers for neurodegenerative diseases like AD (90, 93, 94). Earlier work from Elly Hol and others identified several Aβ associated microglial pro-inflammatory transcriptional profiles in different amyloidosis mouse models based on extensive microarray data (95–98). Eventually, all of these microglial profiles pointed to a common chronic primed microglia transcriptional signature established by gene co-expression meta-analysis (77), from which the results were built into the NanoString nCounter® mouse neuropathology panel. Due to recent developments in scRNA-seq and targeted NanoString nCounter techniques, researchers have confirmed these earlier findings by further deciphering the various transcriptional subtypes and distinct stages of microglia that were interacting with Aβ plaques (56–59, 99, 100) (Figure 5A), thus converging age, sex, and AD risk genes as the major risk factors for AD (101, 102). Importantly, critical microglial activation genes identified in amyloidosis mice were also recently validated in human AD brains (103). Albeit with the conflicting data interpretation, microglia may show either beneficial or detrimental effects depending on aging and disease progression by inducing disease-associated microglial signatures or restoring homeostatic microglial signatures (104, 105). Microglial fitness required to dynamically switch between these states is critical for disease pathology. It was shown that the homeostatic microglial signature (HM/M0) is mostly non-phagocytic and presumably becomes suppressed to initiate the disease-associated microglial signature (DAM/MGnD) that is more phagocytic (57, 58). Therefore, microglia locked into a homeostatic state may be just as detrimental as the disease-induced state.

Our study focused on seven critical glial transcriptomic signatures involved in amyloidosis from the literature covering both homeostatic and disease-associated microglia. First, our results showed the APP transgene activated Aβ plaque induced genes (PIGs) as the top changed signature (Figure 5E) and myeloid Arg1 deficiency during amyloidosis up-regulated it further (Figure 5F). The findings were in line with our previous report that myeloid Arg1 insufficiency promoted amyloidosis (39), confirming that the magnitude of PIGs positively correlated to the load of Aβ deposition (56). Next, further investigation of individual glial signatures revealed that myeloid Arg1 deficiency during amyloidosis preferentially activated homeostatic microglia (HM) gene signature. Therefore, we predict that the transcriptomic change in migration of myeloid cells caused by myeloid Arg1 deficiency may be a compensatory response to the increased Aβ burden due to the non-phagocytic homeostatic microglial signature.

Recent studies found that the pre-classical M2 marker gene Arg1 played an essential role in activities of phagocytosis and efferocytosis by myeloid cells. One study showed that Arg1, orchestrated by STAT6/Arg1 signaling axis, was responsible for efferocytosis of microglia/macrophages to remove dead/dying neurons (106). Another group also showed that the Arg1 was involved in the continual efferocytosis process of engulfing and degrading apoptotic cells to provide nutrients (107). One study reported that Arg1 was the second most up-regulated gene transcript for inducing phagocytic microglial signature (MG-dNF) relative to the non-phagocytic microglial signature (MG-nF) after injection of apoptotic neurons in mouse brain (58). Therefore, the simplicity of viewing microglial activation phenotypes as M1-like (pro-inflammatory) and M2-like (anti-inflammatory) was further challenged and has been replaced by recent scRNA-seq based discoveries of molecular subtyping microglial phenotypes (90, 104, 108, 109). These findings are consistent with our previous in vitro work demonstrating that repressing Arg1 in microglial cells impaired phagocytosis (39). Thus, Arg1 is a key microglial functional marker for facilitating phagocytosis and efferocytosis and, when suppressed, could promote non-phagocytic and homeostatic microglial signatures.

Recent progress in studying AD pathophysiology using single-cell and spatial transcriptomics in AD patients and APP knock-in mouse models discovered myelination-related pathways were disturbed mostly in oligodendrocytes but also in other principal CNS cells (56, 110). Our data linked myeloid Arg1 deficiency with the myelination gene set during the amyloid challenge. First, pathway analyses revealed that myelination gene signature was up-regulated due to myeloid Arg1 haploinsufficiency in APP mice (Figures 2L and 8D). Second, imputing gene expression changes to CNS cells showed oligodendrocytes as one of the two significantly changed cell types. Oligodendrocyte-specific gene transcripts were only increased when the APP transgene was expressed in the myeloid Arg1 haploinsufficient background mice (Figure 4E). Third, pathway analysis of amyloid-β associated glial transcriptomic signatures showed that the signature of Aβ plaque correlated oligodendrocyte genes (OLIGs) was up-regulated when suppressing myeloid Arg1 in APP mice (Figure 5F). The OLIGs signature was previously reported to correlate positively with the Aβ burden in specific brain regions (entorhinal cortex and hippocampus) (56), thus suggesting that increased myelination could be a secondary effect from myeloid Arg1 deficient mice since we previously reported these mice presented more Aβ deposition (39). Therefore, these data might suggest a potential role of Arg1 in the crosstalk between microglia and oligodendrocytes. During conditions of neurodegenerative diseases, oligodendrocytes continue an active demyelination/remyelination process, in which microglia and reactive astrocytes both play a role (111). Our study remains unclear if/how Arg1 deficient microglia regulate myelination during amyloidosis based on transcriptomic evidence. However, previous research demonstrated that increased Arg1 served as a dominant switch in microglia for initiating the remyelination process (112) and that microglia could acquire a pro-regenerative state with increased Arg1 (113, 114). Furthermore, we also found that the oligodendrocyte-specific gene transcript marker Mog, which was elevated in Arg1 deficient APP mice in this study (Figure 8E), was previously identified as a critical CNS-specific autoantigen responsible for demyelination in multiple sclerosis (115, 116). Therefore, our data suggest that reduced Arg1 in myeloid cells promotes transcript signatures associated with demyelination or delayed remyelination during the amyloid challenge.

Furthermore, our pathway analyses showed that myeloid Arg1 haploinsufficiency during amyloidosis also up-regulated the lipid metabolism gene set (Figures 2G and 8D). Lipid pathology has been validated as a shared feature between neurodegenerative mouse models and human AD (63, 117, 118). A recent study in aging and AD identified a substantial diseased microglial population termed “lipid-droplet-accumulating microglia (LDAM)”, which were defective in phagocytosis (119). The gene set analysis showed the glial signature LDAM was up-regulated in myeloid Arg1 deficient APP mice without meeting significance (data not shown). While it is feasible that activated brain lipid metabolism is partly due to LDAM, this warrants further investigation. Interestingly, acetylcholinesterase (Ache), a therapeutic target for AD, was one of the top three gene transcripts up-regulated when reducing myeloid Arg1 in APP mice (Figures 8C, E). It is known that Aβ peptides increased Ache (120), and conversely, Ache promoted Aβ production (121, 122), which aligned with our current finding of increased Ache expression with elevated Aβ plaque-induced genes. Increased Ache could also decrease cholinergic transmission and contributing to cognitive impairment (123). We identified the top changed network by Reactome Pathway was transmission across chemical synapses with increased Ache, Grin2d, and Raf1, and decreased Creb1 and Gabrb3, all of which could contribute to cognitive dysfunction (Figure 9F). These findings were in line with our previous observation that myeloid Arg1 deficiency during amyloidosis hastened mouse behavioral impairments (39).

Therefore, by analyzing gene expression profiling in fundamental neurodegeneration pathways, we provided novel transcriptomic mechanisms to corroborate the previous observation that myeloid Arg1 deficiency exacerbated Aβ deposition by promoting gene sets essential for myelination, lipid metabolism, and activating Aβ associated glial genes biased for homeostatic/non-phagocytic microglia. By laying a foundation for the role of Arg1 in phagocytic myeloid cells during amyloidosis, we provided a new therapeutic target for manipulating arginine metabolism through arginase 1 to benefit human AD. Considering the beneficial role of overexpressing Arg1 in the tau transgenic mouse model (37), a future study on overexpressing Arg1 in a mouse model of amyloidosis should be investigated. Conversely, another study using the CVN-AD mouse model (Nos2 null) showed that sustained elevated extracellular Arg1 level stimulated amyloidosis and promoted hippocampal neuronal death (21). These discrepant studies implicate that temporal and spatial Arg1 activity in different CNS cell types, animal models, aging stages, and disease progression remain critical questions for future studies.

Critically, we need to mention that transcriptomic analyses cannot prove biological cell function or phenotype changes because there are many gene regulation levels besides transcription. Future studies are needed to confirm that the gene expression changes reported herein result in changes in protein levels or and that these changes modify cellular phenotype. It is important to remember that the pathway analyses identify coordinated regulation of multiple genes associated with given cell functions. Consequently, spurious errors in expression of a single gene transcript cannot explain the results we observed linking specific pathways to amyloid or Arg1 insufficiency.

Although the LysMcre mice have been a useful tool to mainly target myeloid cells for many years (71, 124), the specificity of cell types that LysMcre targeted to suppress Arg1 expression has been questioned recently (125). Two characterization studies on LysMcre specificity in the mouse brain were thus reported. One group showed that the LysM promoter was almost exclusively active in neurons rather than microglia within certain brain regions (neuronal layer of the forebrain motor cortex and granule cell layer of the cerebellum), but on average, it was active in less than 30% of both neurons and microglia across the whole brain (126). Another recent report found that the LysMcre promoter was active in 40% of macrophage/microglia and only 8% of neurons in adult mouse retina (127). Although the LysMcre promoter was still validated to express greatest in myeloid cells, both studies provided evidence to show the existence of recombination in neurons, albeit to different levels.

Although the functional role of the antibacterial enzyme LysM in neurons is still unclear, recent scRNA-seq studies in microglia showed that Lyz2 encoding LysM was one of the commonly induced microglial genes during neurodegenerative diseases (104). Lyz2 was up-regulated in disease-associated microglial signatures such as PIGs (56), DAM (57), and MGnD (58), indicating that the brain myeloid cells most likely up-regulate Lyz2 as a compensatory response to amyloid stimulation. These recent findings using scRNA-seq in amyloid-depositing mouse models confirmed one previous study in human AD, which showed that lysozyme protein was increased in the CSF of AD patients, co-localized with Aβ plaque in postmortem AD brains, and directly interacted with Aβ in vitro (128). The increase of secreted lysozyme in CSF was thus attributed to the mononuclear monocytes/macrophages. Therefore, the current evidence suggests a protective role of up-regulating lysozyme in responding to Aβ, a process that mainly occurs in brain myeloid cells rather than other CNS cells including neurons. These findings indicate that LysMcre dependent Arg1 haploinsufficiency has a functional consequence in brain myeloid cells. However, it is possible that the one allele deletion of Lyz2 due to the insertion of Cre-recombinase also caused unknown effects. Since all the mice shared the same Lyz2 haploinsufficient background, the unintended expression should be present in all mice and should minimize putative effects on differentially expressed genes. In the future, mouse lines like the Cx3cr1-CreERT2 (129, 130) for monocytes/macrophages or Tmem119-CreERT2 (131) and Tmem119-tdTomato reporter (132) for resident microglia may be favored because they have not been shown to have similar caveats to date.

Another limitation to our study is that we analyzed bulk RNA samples. It is possible that subtle changes in myeloid gene expression were masked by dilution with RNA from other cell types. On the other hand, mechanical dissociation of myeloid cells has other caveats, such as the possibility that disease-associated microglia or microglia adjacent to amyloid deposits are more fragile and difficult to isolate. This study intended to understand how myeloid Arg1 insufficiency impacted overall CNS gene expression in neurodegeneration. Future studies should increase replication with a larger sample size and compare these targeted transcriptome results with larger transcriptome dataset to ensure the effects of myeloid Arg1 deficiency during amyloidosis.

Overall, our findings suggest that myeloid Arg1 haploinsufficiency elevates Aβ associated genes enriched in brain myeloid cells and oligodendrocytes. Deficiency of Arg1 in brain myeloid cells preferentially promotes a transcriptomic signature that is more homeostatic and less phagocytic, possibly inhibiting their crucial transition from a homeostatic to a disease-associated state during amyloidosis, leading to more Aβ deposition. Future therapeutics to modulate arginase 1 in brain myeloid cells may provide potential disease-modifying treatment for AD patients.



Data Availability Statement

The datasets generated for this study are included in the supplemental documents and are also available from the corresponding author upon request. The raw nCounter data are publicly available through the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) under accession number GSE172108.



Ethics Statement

The animal study was reviewed and approved by Institutional Animal Care and Use Committee (IACUC) in the University of South Florida and the University of Kentucky.



Author Contributions

CM contributed to the design and implementation of the research, performed bioinformatic analyses with nSolver, IPA and STRING, statistical analysis using SPSS, interpreted data, and wrote the first draft of the manuscript. JH contributed to the breeding of mice, harvesting mouse brains, and statistical analysis using SPSS. AK, HL, and M-LS contributed to the mRNA extraction and preparation. MG contributed to the breeding and genotyping of the mice. MO, BZ, JG, and DF contributed to the characterization of mouse lines. MG, DM, PB, and DL contributed to the design, conceptualization of the research, interpretation of the data, and writing of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

Funding for this work was provided by the NIH R21-AG055996 (to DL), R01-AG054559 (to DL), R01-AG051500 (to DM), R01-NS091582 (to JG), R01-AI095307 (to DF), Alzheimer’s Association AARGD-16-441534 (to DL), and MNIRGD-12-242665 (to DL), Florida Department of Health Ed and Ethel Moore Alzheimer’s disease (8AZ30) (to DL and PB), and IKBX004214 (to PB). CM was awarded by USF Health Neuroscience Institute Dorothy Benjamin Graduate Fellowship in Alzheimer’s Disease.



Acknowledgments

PB was affiliated with James A. Haley Veterans Affairs Hospital and would like to acknowledge this affiliation.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.628156/full#supplementary-material

Supplementary Figure 1 | Overview of all normalized data. All data were normalized for gene transcript expression against APP transgene genotype and Arg1 haploinsufficiency genotype. (A) A heat map of all normalized data via unsupervised clustering of mouse genotypes and a condensed heat map for unsupervised clustering of 770 genes. All data passed QC metrics without any flags (top bar, yellow). Genes expressed below the background threshold are flagged in blue. The orange or blue color in the heat map indicates high or low gene expression z-score of each sample. All scores are presented on the same scale via a z-transformation. (B) Principal components of all normalized data. The principal component analysis shows the four groups’ variance using the four leading components based on all normalized data. (C) A heat map of correlation matrix of all signature pathways from pathway scoring analysis was presented. Yellow and blue colors indicate positive and negative correlation and thus aggregate separately. Pathways that show statistically significant main APP transgene genotype effects are highlighted in red or blue text to indicate up or down-regulation, respectively.



Abbreviations

PSA, Pathway Scoring Analysis; GSA, Gene Set Analysis; CPA, Cell-type Profiling Analysis.



References

1. Morris, SM Jr. Arginine Metabolism Revisited. J Nutr (2016) 146(12):2579S–86S. doi: 10.3945/jn.115.226621

2. Morris, SM Jr. Recent Advances in Arginine Metabolism: Roles and Regulation of the Arginases. Br J Pharmacol (2009) 157(6):922–30. doi: 10.1111/j.1476-5381.2009.00278.x

3. Wang, S, Tsun, ZY, Wolfson, RL, Shen, K, Wyant, GA, Plovanich, ME, et al. Metabolism. Lysosomal Amino Acid Transporter SLC38A9 Signals Arginine Sufficiency to mTORC1. Science (2015) 347(6218):188–94. doi: 10.1126/science.1257132

4. Chantranupong, L, Scaria, SM, Saxton, RA, Gygi, MP, Shen, K, Wyant, GA, et al. The CASTOR Proteins Are Arginine Sensors for the mTORC1 Pathway. Cell (2016) 165(1):153–64. doi: 10.1016/j.cell.2016.02.035

5. Wellendorph, P, Hansen, KB, Balsgaard, A, Greenwood, JR, Egebjerg, J, and Brauner-Osborne, H. Deorphanization of GPRC6A: A Promiscuous L-Alpha-Amino Acid Receptor With Preference for Basic Amino Acids. Mol Pharmacol (2005) 67(3):589–97. doi: 10.1124/mol.104.007559

6. Jung, JW, Macalino, SJY, Cui, M, Kim, JE, Kim, HJ, Song, DG, et al. Transmembrane 4 L Six Family Member 5 Senses Arginine for mTORC1 Signaling. Cell Metab (2019) 29(6):1306–19.e7. doi: 10.1016/j.cmet.2019.03.005

7. Trushina, E, Dutta, T, Persson, XM, Mielke, MM, and Petersen, RC. Identification of Altered Metabolic Pathways in Plasma and CSF in Mild Cognitive Impairment and Alzheimer’s Disease Using Metabolomics. PLoS One (2013) 8(5):e63644. doi: 10.1371/journal.pone.0063644

8. Graham, SF, Chevallier, OP, Elliott, CT, Holscher, C, Johnston, J, McGuinness, B, et al. Untargeted Metabolomic Analysis of Human Plasma Indicates Differentially Affected Polyamine and L-arginine Metabolism in Mild Cognitive Impairment Subjects Converting to Alzheimer’s Disease. PLoS One (2015) 10(3):e0119452. doi: 10.1371/journal.pone.0119452

9. Fleszar, MG, Wisniewski, J, Zboch, M, Diakowska, D, Gamian, A, and Krzystek-Korpacka, M. Targeted Metabolomic Analysis of Nitric Oxide/L-Arginine Pathway Metabolites in Dementia: Association With Pathology, Severity, and Structural Brain Changes. Sci Rep (2019) 9(1):13764. doi: 10.1038/s41598-019-50205-0

10. Samakashvili, S, Ibanez, C, Simo, C, Gil-Bea, FJ, Winblad, B, Cedazo-Minguez, A, et al. Analysis of Chiral Amino Acids in Cerebrospinal Fluid Samples Linked to Different Stages of Alzheimer Disease. Electrophoresis (2011) 32(19):2757–64. doi: 10.1002/elps.201100139

11. Inoue, K, Tsutsui, H, Akatsu, H, Hashizume, Y, Matsukawa, N, Yamamoto, T, et al. Metabolic Profiling of Alzheimer’s Disease Brains. Sci Rep (2013) 3:2364. doi: 10.1038/srep02364

12. Liu, P, Fleete, MS, Jing, Y, Collie, ND, Curtis, MA, Waldvogel, HJ, et al. Altered Arginine Metabolism in Alzheimer’s Disease Brains. Neurobiol Aging (2014) 35(9):1992–2003. doi: 10.1016/j.neurobiolaging.2014.03.013

13. Hurtado, MO, Kohler, I, and de Lange, EC. Next-Generation Biomarker Discovery in Alzheimer’s Disease Using Metabolomics - From Animal to Human Studies. Bioanalysis (2018) 10(18):1525–46. doi: 10.4155/bio-2018-0135

14. Mahajan, UV, Varma, VR, Griswold, ME, Blackshear, CT, An, Y, Oommen, AM, et al. Dysregulation of Multiple Metabolic Networks Related to Brain Transmethylation and Polyamine Pathways in Alzheimer Disease: A Targeted Metabolomic and Transcriptomic Study. PLoS Med (2020) 17(1):e1003012. doi: 10.1371/journal.pmed.1003012

15. Colton, CA, Mott, RT, Sharpe, H, Xu, Q, Van Nostrand, WE, and Vitek, MP. Expression Profiles for Macrophage Alternative Activation Genes in AD and in Mouse Models of AD. J Neuroinflammation (2006) 3:27. doi: 10.1186/1742-2094-3-27

16. Hansmannel, F, Sillaire, A, Kamboh, MI, Lendon, C, Pasquier, F, Hannequin, D, et al. Is the Urea Cycle Involved in Alzheimer’s Disease? J Alzheimers Dis (2010) 21(3):1013–21. doi: 10.3233/JAD-2010-100630

17. Sin, YY, Baron, G, Schulze, A, and Funk, CD. Arginase-1 Deficiency. J Mol Med (Berl) (2015) 93(12):1287–96. doi: 10.1007/s00109-015-1354-3

18. Vemula, PK, Jing, Y, Cicolini, J, Zhang, H, Mockett, BG, Abraham, WC, et al. Altered Brain Arginine Metabolism With Age in the APPswe/PSEN1dE9 Mouse Model of Alzheimer’s Disease. Neurochem Int (2020) 140:104798. doi: 10.1016/j.neuint.2020.104798

19. Wang, G, Zhou, Y, Wang, Y, Li, D, Liu, J, and Zhang, F. Age-Associated Dopaminergic Neuron Loss and Midbrain Glia Cell Phenotypic Polarization. Neuroscience (2019) 415:89–96. doi: 10.1016/j.neuroscience.2019.07.021

20. Bergin, DH, Jing, Y, Mockett, BG, Zhang, H, Abraham, WC, and Liu, P. Altered Plasma Arginine Metabolome Precedes Behavioural and Brain Arginine Metabolomic Profile Changes in the APPswe/PS1DeltaE9 Mouse Model of Alzheimer’s Disease. Transl Psychiatry (2018) 8(1):108. doi: 10.1038/s41398-018-0149-z

21. Kan, MJ, Lee, JE, Wilson, JG, Everhart, AL, Brown, CM, Hoofnagle, AN, et al. Arginine Deprivation and Immune Suppression in a Mouse Model of Alzheimer’s Disease. J Neurosci (2015) 35(15):5969–82. doi: 10.1523/JNEUROSCI.4668-14.2015

22. Greenhalgh, AD, Passos Dos Santos, R, Zarruk, JG, Salmon, CK, Kroner, A, and David, S. Arginase-1 is Expressed Exclusively by Infiltrating Myeloid Cells in CNS Injury and Disease. Brain Behav Immun (2016) 56:61–7. doi: 10.1016/j.bbi.2016.04.013

23. Zarruk, JG, Greenhalgh, AD, and David, S. Microglia and Macrophages Differ in Their Inflammatory Profile After Permanent Brain Ischemia. Exp Neurol (2018) 301(Pt B):120–32. doi: 10.1016/j.expneurol.2017.08.011

24. Kronenberg, G, Uhlemann, R, Richter, N, Klempin, F, Wegner, S, Staerck, L, et al. Distinguishing Features of Microglia- and Monocyte-Derived Macrophages After Stroke. Acta Neuropathol (2018) 135(4):551–68. doi: 10.1007/s00401-017-1795-6

25. Miro-Mur, F, Perez-de-Puig, I, Ferrer-Ferrer, M, Urra, X, Justicia, C, Chamorro, A, et al. Immature Monocytes Recruited to the Ischemic Mouse Brain Differentiate Into Macrophages With Features of Alternative Activation. Brain Behav Immun (2016) 53:18–33. doi: 10.1016/j.bbi.2015.08.010

26. Fouda, AY, Xu, Z, Shosha, E, Lemtalsi, T, Chen, J, Toque, HA, et al. Arginase 1 Promotes Retinal Neurovascular Protection From Ischemia Through Suppression of Macrophage Inflammatory Responses. Cell Death Dis (2018) 9(10):1001. doi: 10.1038/s41419-018-1051-6

27. Bottcher, C, Schlickeiser, S, Sneeboer, MAM, Kunkel, D, Knop, A, Paza, E, et al. Human Microglia Regional Heterogeneity and Phenotypes Determined by Multiplexed Single-Cell Mass Cytometry. Nat Neurosci (2019) 22(1):78–90. doi: 10.1038/s41593-018-0290-2

28. Ransohoff, RM, and Cardona, AE. The Myeloid Cells of the Central Nervous System Parenchyma. Nature (2010) 468(7321):253–62. doi: 10.1038/nature09615

29. Herz, J, Filiano, AJ, Smith, A, Yogev, N, and Kipnis, J. Myeloid Cells in the Central Nervous System. Immunity (2017) 46(6):943–56. doi: 10.1016/j.immuni.2017.06.007

30. Cronk, JC, Filiano, AJ, Louveau, A, Marin, I, Marsh, R, Ji, E, et al. Peripherally Derived Macrophages can Engraft the Brain Independent of Irradiation and Maintain an Identity Distinct From Microglia. J Exp Med (2018) 215(6):1627–47. doi: 10.1084/jem.20180247

31. Bennett, FC, Bennett, ML, Yaqoob, F, Mulinyawe, SB, Grant, GA, Hayden Gephart, M, et al. A Combination of Ontogeny and CNS Environment Establishes Microglial Identity. Neuron (2018) 98(6):1170–80.e8. doi: 10.1016/j.neuron.2018.05.014

32. Lund, H, Pieber, M, Parsa, R, Grommisch, D, Ewing, E, Kular, L, et al. Fatal Demyelinating Disease is Induced by Monocyte-Derived Macrophages in the Absence of TGF-beta Signaling. Nat Immunol (2018) 19(5):1–7. doi: 10.1038/s41590-018-0091-5

33. Majumdar, A, Chung, H, Dolios, G, Wang, R, Asamoah, N, Lobel, P, et al. Degradation of Fibrillar Forms of Alzheimer’s Amyloid Beta-Peptide by Macrophages. Neurobiol Aging (2008) 29(5):707–15. doi: 10.1016/j.neurobiolaging.2006.12.001

34. Koronyo-Hamaoui, M, Ko, MK, Koronyo, Y, Azoulay, D, Seksenyan, A, Kunis, G, et al. Attenuation of AD-Like Neuropathology by Harnessing Peripheral Immune Cells: Local Elevation of IL-10 and MMP-9. J Neurochem (2009) 111(6):1409–24. doi: 10.1111/j.1471-4159.2009.06402.x

35. Lebson, L, Nash, K, Kamath, S, Herber, D, Carty, N, Lee, DC, et al. Trafficking CD11b-Positive Blood Cells Deliver Therapeutic Genes to the Brain of Amyloid-Depositing Transgenic Mice. J Neurosci (2010) 30(29):9651–8. doi: 10.1523/JNEUROSCI.0329-10.2010

36. Li, S, Hayden, EY, Garcia, VJ, Fuchs, DT, Sheyn, J, Daley, DA, et al. Activated Bone Marrow-Derived Macrophages Eradicate Alzheimer’s-Related Abeta42 Oligomers and Protect Synapses. Front Immunol (2020) 11:49. doi: 10.3389/fimmu.2020.00049

37. Hunt, JB Jr, Nash, KR, Placides, D, Moran, P, Selenica, ML, Abuqalbeen, F, et al. Sustained Arginase 1 Expression Modulates Pathological Tau Deposits in a Mouse Model of Tauopathy. J Neurosci (2015) 35(44):14842–60. doi: 10.1523/JNEUROSCI.3959-14.2015

38. Cherry, JD, Olschowka, JA, and O’Banion, MK. Arginase 1+ Microglia Reduce Abeta Plaque Deposition During IL-1beta-Dependent Neuroinflammation. J Neuroinflammation (2015) 12:203. doi: 10.1186/s12974-015-0411-8

39. Ma, C, Hunt, JB, Selenica, M-LB, Sanneh, A, Sandusky-Beltran, LA, Watler, M, et al. Arginase 1 Insufficiency Precipitates Amyloid-β Deposition and Hastens Behavioral Impairment in a Mouse Model of Amyloidosis. Front Immunol (2021) 11:3376–93. doi: 10.3389/fimmu.2020.582998

40. Hsiao, K, Chapman, P, Nilsen, S, Eckman, C, Harigaya, Y, Younkin, S, et al. Correlative Memory Deficits, Abeta Elevation, and Amyloid Plaques in Transgenic Mice. Science (1996) 274(5284):99–102. doi: 10.1126/science.274.5284.99

41. El Kasmi, KC, Qualls, JE, Pesce, JT, Smith, AM, Thompson, RW, Henao-Tamayo, M, et al. Toll-Like Receptor-Induced Arginase 1 in Macrophages Thwarts Effective Immunity Against Intracellular Pathogens. Nat Immunol (2008) 9(12):1399–406. doi: 10.1038/ni.1671

42. Duffy, AM, Morales-Corraliza, J, Bermudez-Hernandez, KM, Schaner, MJ, Magagna-Poveda, A, Mathews, PM, et al. Entorhinal Cortical Defects in Tg2576 Mice are Present as Early as 2-4 Months of Age. Neurobiol Aging (2015) 36(1):134–48. doi: 10.1016/j.neurobiolaging.2014.07.001

43. NanoString Technologies® I. nSolver 4.0 Analysis Software User Manual (Man-C0019-08) (2018). Available at: https://www.nanostring.com/products/analysis-solutions/ncounter-analysis-solutions/nsolver-data-analysis-support/.

44. NanoString Technologies® I. Ncounter Advanced Analysis 2.0 User Manual (Man-10030-03) (2018). Available at: https://www.nanostring.com/products/analysis-solutions/ncounter-analysis-solutions/nsolver-data-analysis-support/.

45. Lambert, JC, Ibrahim-Verbaas, CA, Harold, D, Naj, AC, Sims, R, Bellenguez, C, et al. Meta-Analysis of 74,046 Individuals Identifies 11 New Susceptibility Loci for Alzheimer’s Disease. Nat Genet (2013) 45(12):1452–8. doi: 10.1038/ng.2802

46. Marioni, RE, Harris, SE, Zhang, Q, McRae, AF, Hagenaars, SP, Hill, WD, et al. GWAS on Family History of Alzheimer’s Disease. Transl Psychiatry (2018) 8(1):99. doi: 10.1038/s41398-018-0150-6

47. Jansen, IE, Savage, JE, Watanabe, K, Bryois, J, Williams, DM, Steinberg, S, et al. Genome-Wide Meta-Analysis Identifies New Loci and Functional Pathways Influencing Alzheimer’s Disease Risk. Nat Genet (2019) 51(3):404–13. doi: 10.1038/s41588-018-0311-9

48. Kunkle, BW, Grenier-Boley, B, Sims, R, Bis, JC, Damotte, V, Naj, AC, et al. Genetic Meta-Analysis of Diagnosed Alzheimer’s Disease Identifies New Risk Loci and Implicates Abeta, Tau, Immunity and Lipid Processing. Nat Genet (2019) 51(3):414–30. doi: 10.1038/s41588-019-0358-2

49. Dourlen, P, Kilinc, D, Malmanche, N, Chapuis, J, and Lambert, JC. The New Genetic Landscape of Alzheimer’s Disease: From Amyloid Cascade to Genetically Driven Synaptic Failure Hypothesis? Acta Neuropathol (2019) 138(2):221–36. doi: 10.1007/s00401-019-02004-0

50. Vandesompele, J, De Preter, K, Pattyn, F, Poppe, B, Van Roy, N, De Paepe, A, et al. Accurate Normalization of Real-Time Quantitative RT-PCR Data by Geometric Averaging of Multiple Internal Control Genes. Genome Biol (2002) 3(7):RESEARCH0034. doi: 10.1186/gb-2002-3-7-research0034

51. Haynes, W. Benjamini–Hochberg Method. In:  W Dubitzky, O Wolkenhauer, K-H Cho, and H Yokota, editors. Encyclopedia of Systems Biology. New York, NY: Springer New York (2013). p. 78–. doi: 10.1007/978-1-4419-9863-7_1215

52. Zamanian, JL, Xu, L, Foo, LC, Nouri, N, Zhou, L, Giffard, RG, et al. Genomic Analysis of Reactive Astrogliosis. J Neurosci (2012) 32(18):6391–410. doi: 10.1523/JNEUROSCI.6221-11.2012

53. Zhang, Y, Chen, K, Sloan, SA, Bennett, ML, Scholze, AR, O’Keeffe, S, et al. An RNA-sequencing Transcriptome and Splicing Database of Glia, Neurons, and Vascular Cells of the Cerebral Cortex. J Neurosci (2014) 34(36):11929–47. doi: 10.1523/JNEUROSCI.1860-14.2014

54. Butovsky, O, Jedrychowski, MP, Moore, CS, Cialic, R, Lanser, AJ, Gabriely, G, et al. Identification of a Unique TGF-beta-dependent Molecular and Functional Signature in Microglia. Nat Neurosci (2014) 17(1):131–43. doi: 10.1038/nn.3599

55. Friedman, BA, Srinivasan, K, Ayalon, G, Meilandt, WJ, Lin, H, Huntley, MA, et al. Diverse Brain Myeloid Expression Profiles Reveal Distinct Microglial Activation States and Aspects of Alzheimer’s Disease Not Evident in Mouse Models. Cell Rep (2018) 22(3):832–47. doi: 10.1016/j.celrep.2017.12.066

56. Chen, WT, Lu, A, Craessaerts, K, Pavie, B, Sala Frigerio, C, Corthout, N, et al. Spatial Transcriptomics and In Situ Sequencing to Study Alzheimer’s Disease. Cell (2020) 182(4):976–91.e19. doi: 10.1016/j.cell.2020.06.038

57. Keren-Shaul, H, Spinrad, A, Weiner, A, Matcovitch-Natan, O, Dvir-Szternfeld, R, Ulland, TK, et al. A Unique Microglia Type Associated With Restricting Development of Alzheimer’s Disease. Cell (2017) 169(7):1276–90.e17. doi: 10.1016/j.cell.2017.05.018

58. Krasemann, S, Madore, C, Cialic, R, Baufeld, C, Calcagno, N, El Fatimy, R, et al. The TREM2-APOE Pathway Drives the Transcriptional Phenotype of Dysfunctional Microglia in Neurodegenerative Diseases. Immunity (2017) 47(3):566–81.e9. doi: 10.1016/j.immuni.2017.08.008

59. Habib, N, McCabe, C, Medina, S, Varshavsky, M, Kitsberg, D, Dvir-Szternfeld, R, et al. Disease-Associated Astrocytes in Alzheimer’s Disease and Aging. Nat Neurosci (2020) 23(6):701–6. doi: 10.1038/s41593-020-0624-8

60. Kramer, A, Green, J, Pollard, J Jr, and Tugendreich, S. Causal Analysis Approaches in Ingenuity Pathway Analysis. Bioinformatics (2014) 30(4):523–30. doi: 10.1093/bioinformatics/btt703

61. Flowers, A, Bell-Temin, H, Jalloh, A, Stevens, SM Jr, and Bickford, PC. Proteomic Anaysis of Aged Microglia: Shifts in Transcription, Bioenergetics, and Nutrient Response. J Neuroinflammation (2017) 14(1):96. doi: 10.1186/s12974-017-0840-7

62. Szklarczyk, D, Gable, AL, Lyon, D, Junge, A, Wyder, S, Huerta-Cepas, J, et al. STRING v11: Protein-Protein Association Networks With Increased Coverage, Supporting Functional Discovery in Genome-Wide Experimental Datasets. Nucleic Acids Res (2019) 47(D1):D607–D13. doi: 10.1093/nar/gky1131

63. Srinivasan, K, Friedman, BA, Etxeberria, A, Huntley, MA, van der Brug, MP, Foreman, O, et al. Alzheimer’s Patient Microglia Exhibit Enhanced Aging and Unique Transcriptional Activation. Cell Rep (2020) 31(13):107843. doi: 10.1016/j.celrep.2020.107843

64. Zhang, Y, Sloan, SA, Clarke, LE, Caneda, C, Plaza, CA, Blumenthal, PD, et al. Purification and Characterization of Progenitor and Mature Human Astrocytes Reveals Transcriptional and Functional Differences With Mouse. Neuron (2016) 89(1):37–53. doi: 10.1016/j.neuron.2015.11.013

65. Srinivasan, K, Friedman, BA, Larson, JL, Lauffer, BE, Goldstein, LD, Appling, LL, et al. Untangling the Brain’s Neuroinflammatory and Neurodegenerative Transcriptional Responses. Nat Commun (2016) 7:11295. doi: 10.1038/ncomms11295

66. DiCarlo, G, Wilcock, D, Henderson, D, Gordon, M, and Morgan, D. Intrahippocampal LPS Injections Reduce Abeta Load in APP+PS1 Transgenic Mice. Neurobiol Aging (2001) 22(6):1007–12. doi: 10.1016/s0197-4580(01)00292-5

67. Herber, DL, Mercer, M, Roth, LM, Symmonds, K, Maloney, J, Wilson, N, et al. Microglial Activation is Required for Abeta Clearance After Intracranial Injection of Lipopolysaccharide in APP Transgenic Mice. J Neuroimmune Pharmacol (2007) 2(2):222–31. doi: 10.1007/s11481-007-9069-z

68. Lee, DC, Rizer, J, Selenica, ML, Reid, P, Kraft, C, Johnson, A, et al. LPS- Induced Inflammation Exacerbates Phospho-Tau Pathology in rTg4510 Mice. J Neuroinflammation (2010) 7:56. doi: 10.1186/1742-2094-7-56

69. Ros-Bernal, F, Hunot, S, Herrero, MT, Parnadeau, S, Corvol, JC, Lu, L, et al. Microglial Glucocorticoid Receptors Play a Pivotal Role in Regulating Dopaminergic Neurodegeneration in Parkinsonism. Proc Natl Acad Sci USA (2011) 108(16):6632–7. doi: 10.1073/pnas.1017820108

70. Cho, SH, Chen, JA, Sayed, F, Ward, ME, Gao, F, Nguyen, TA, et al. SIRT1 Deficiency in Microglia Contributes to Cognitive Decline in Aging and Neurodegeneration Via Epigenetic Regulation of IL-1beta. J Neurosci (2015) 35(2):807–18. doi: 10.1523/JNEUROSCI.2939-14.2015

71. Clausen, BE, Burkhardt, C, Reith, W, Renkawitz, R, and Forster, I. Conditional Gene Targeting in Macrophages and Granulocytes Using LysMcre Mice. Transgenic Res (1999) 8(4):265–77. doi: 10.1023/a:1008942828960

72. Shi, J, Hua, L, Harmer, D, Li, P, and Ren, G. Cre Driver Mice Targeting Macrophages. Methods Mol Biol (2018) 1784:263–75. doi: 10.1007/978-1-4939-7837-3_24

73. Loring, JF, Wen, X, Lee, JM, Seilhamer, J, and Somogyi, R. A Gene Expression Profile of Alzheimer’s Disease. DNA Cell Biol (2001) 20(11):683–95. doi: 10.1089/10445490152717541

74. Zhang, B, Gaiteri, C, Bodea, LG, Wang, Z, McElwee, J, Podtelezhnikov, AA, et al. Integrated Systems Approach Identifies Genetic Nodes and Networks in Late-Onset Alzheimer’s Disease. Cell (2013) 153(3):707–20. doi: 10.1016/j.cell.2013.03.030

75. Twine, NA, Janitz, K, Wilkins, MR, and Janitz, M. Whole Transcriptome Sequencing Reveals Gene Expression and Splicing Differences in Brain Regions Affected by Alzheimer’s Disease. PLoS One (2011) 6(1):e16266. doi: 10.1371/journal.pone.0016266

76. Ferrari, R, Forabosco, P, Vandrovcova, J, Botia, JA, Guelfi, S, Warren, JD, et al. Frontotemporal Dementia: Insights Into the Biological Underpinnings of Disease Through Gene Co-Expression Network Analysis. Mol Neurodegener (2016) 11:21. doi: 10.1186/s13024-016-0085-4

77. Holtman, IR, Raj, DD, Miller, JA, Schaafsma, W, Yin, Z, Brouwer, N, et al. Induction of a Common Microglia Gene Expression Signature by Aging and Neurodegenerative Conditions: A Co-Expression Meta-Analysis. Acta Neuropathol Commun (2015) 3:31. doi: 10.1186/s40478-015-0203-5

78. Hickman, SE, Kingery, ND, Ohsumi, TK, Borowsky, ML, Wang, LC, Means, TK, et al. The Microglial Sensome Revealed by Direct RNA Sequencing. Nat Neurosci (2013) 16(12):1896–905. doi: 10.1038/nn.3554

79. Geiss, GK, Bumgarner, RE, Birditt, B, Dahl, T, Dowidar, N, Dunaway, DL, et al. Direct Multiplexed Measurement of Gene Expression With Color-Coded Probe Pairs. Nat Biotechnol (2008) 26(3):317–25. doi: 10.1038/nbt1385

80. Northcott, PA, Shih, DJ, Remke, M, Cho, YJ, Kool, M, Hawkins, C, et al. Rapid, Reliable, and Reproducible Molecular Sub-Grouping of Clinical Medulloblastoma Samples. Acta Neuropathol (2012) 123(4):615–26. doi: 10.1007/s00401-011-0899-7

81. VanGuilder, HD, Vrana, KE, and Freeman, WM. Twenty-Five Years of Quantitative PCR for Gene Expression Analysis. Biotechniques (2008) 44(5):619–26. doi: 10.2144/000112776

82. Hyeon, J, Cho, SY, Hong, ME, Kang, SY, Do, I, Im, YH, et al. NanoString nCounter(R) Approach in Breast Cancer: A Comparative Analysis With Quantitative Real-Time Polymerase Chain Reaction, in Situ Hybridization, and Immunohistochemistry. J Breast Cancer (2017) 20(3):286–96. doi: 10.4048/jbc.2017.20.3.286

83. Schena, M, Heller, RA, Theriault, TP, Konrad, K, Lachenmeier, E, and Davis, RW. Microarrays: Biotechnology’s Discovery Platform for Functional Genomics. Trends Biotechnol (1998) 16(7):301–6. doi: 10.1016/s0167-7799(98)01219-0

84. Schena, M, Shalon, D, Davis, RW, and Brown, PO. Quantitative Monitoring of Gene Expression Patterns With a Complementary DNA Microarray. Science (1995) 270(5235):467–70. doi: 10.1126/science.270.5235.467

85. Nagalakshmi, U, Wang, Z, Waern, K, Shou, C, Raha, D, Gerstein, M, et al. The Transcriptional Landscape of the Yeast Genome Defined by RNA Sequencing. Science (2008) 320(5881):1344–9. doi: 10.1126/science.1158441

86. Tang, F, Barbacioru, C, Wang, Y, Nordman, E, Lee, C, Xu, N, et al. mRNA-Seq Whole-Transcriptome Analysis of a Single Cell. Nat Methods (2009) 6(5):377–82. doi: 10.1038/nmeth.1315

87. Narrandes, S, and Xu, W. Gene Expression Detection Assay for Cancer Clinical Use. J Cancer (2018) 9(13):2249–65. doi: 10.7150/jca.24744

88. Tomfohr, J, Lu, J, and Kepler, TB. Pathway Level Analysis of Gene Expression Using Singular Value Decomposition. BMC Bioinformatics (2005) 6:225. doi: 10.1186/1471-2105-6-225

89. Danaher, P, Warren, S, Dennis, L, D’Amico, L, White, A, Disis, ML, et al. Gene Expression Markers of Tumor Infiltrating Leukocytes. J Immunother Cancer (2017) 5:18. doi: 10.1186/s40425-017-0215-8

90. Prinz, M, Jung, S, and Priller, J. Microglia Biology: One Century of Evolving Concepts. Cell (2019) 179(2):292–311. doi: 10.1016/j.cell.2019.08.053

91. Bohlen, CJ, Friedman, BA, Dejanovic, B, and Sheng, M. Microglia in Brain Development, Homeostasis, and Neurodegeneration. Annu Rev Genet (2019) 53:263–88. doi: 10.1146/annurev-genet-112618-043515

92. Chew, G, and Petretto, E. Transcriptional Networks of Microglia in Alzheimer’s Disease and Insights Into Pathogenesis. Genes (Basel) (2019) 10(10):798–822. doi: 10.3390/genes10100798

93. Prinz, M, Erny, D, and Hagemeyer, N. Erratum: Ontogeny and Homeostasis of CNS Myeloid Cells. Nat Immunol (2017) 18(8):951. doi: 10.1038/ni0817-951d

94. Labzin, LI, Heneka, MT, and Latz, E. Innate Immunity and Neurodegeneration. Annu Rev Med (2018) 69:437–49. doi: 10.1146/annurev-med-050715-104343

95. Yin, Z, Raj, D, Saiepour, N, Van Dam, D, Brouwer, N, Holtman, IR, et al. Immune Hyperreactivity of Abeta Plaque-Associated Microglia in Alzheimer’s Disease. Neurobiol Aging (2017) 55:115–22. doi: 10.1016/j.neurobiolaging.2017.03.021

96. Kamphuis, W, Kooijman, L, Schetters, S, Orre, M, and Hol, EM. Transcriptional Profiling of CD11c-Positive Microglia Accumulating Around Amyloid Plaques in a Mouse Model for Alzheimer’s Disease. Biochim Biophys Acta (2016) 1862(10):1847–60. doi: 10.1016/j.bbadis.2016.07.007

97. Orre, M, Kamphuis, W, Osborn, LM, Jansen, AHP, Kooijman, L, Bossers, K, et al. Isolation of Glia From Alzheimer’s Mice Reveals Inflammation and Dysfunction. Neurobiol Aging (2014) 35(12):2746–60. doi: 10.1016/j.neurobiolaging.2014.06.004

98. Wirz, KT, Bossers, K, Stargardt, A, Kamphuis, W, Swaab, DF, Hol, EM, et al. Cortical Beta Amyloid Protein Triggers an Immune Response, But No Synaptic Changes in the APPswe/PS1dE9 Alzheimer’s Disease Mouse Model. Neurobiol Aging (2013) 34(5):1328–42. doi: 10.1016/j.neurobiolaging.2012.11.008

99. Sobue, A, Komine, O, Hara, Y, Endo, F, Mizoguchi, H, Watanabe, S, et al. Microglial Gene Signature Reveals Loss of Homeostatic Microglia Associated With Neurodegeneration of Alzheimer’s Disease. Acta Neuropathol Commun (2021) 9(1):1. doi: 10.1186/s40478-020-01099-x

100. Xia, D, Lianoglou, S, Sandmann, T, Calvert, M, Suh, JH, Thomsen, E, et al. Fibrillar Aβ Causes Profound Microglial Metabolic Perturbations in a Novel APP Knock-in Mouse Model. bioRxiv (2021). 2021.01.426731. doi: 10.1101/2021.01.19.426731

101. Sala Frigerio, C, Wolfs, L, Fattorelli, N, Thrupp, N, Voytyuk, I, Schmidt, I, et al. The Major Risk Factors for Alzheimer’s Disease: Age, Sex, and Genes Modulate the Microglia Response to Abeta Plaques. Cell Rep (2019) 27(4):1293–306.e6. doi: 10.1016/j.celrep.2019.03.099

102. Sierksma, A, Lu, A, Mancuso, R, Fattorelli, N, Thrupp, N, Salta, E, et al. Novel Alzheimer Risk Genes Determine the Microglia Response to Amyloid-Beta But Not to TAU Pathology. EMBO Mol Med (2020) 12(3):e10606. doi: 10.15252/emmm.201910606

103. Thrupp, N, Sala Frigerio, C, Wolfs, L, Skene, NG, Fattorelli, N, Poovathingal, S, et al. Single-Nucleus RNA-Seq is Not Suitable for Detection of Microglial Activation Genes in Humans. Cell Rep (2020) 32(13):108189. doi: 10.1016/j.celrep.2020.108189

104. Butovsky, O, and Weiner, HL. Microglial Signatures and Their Role in Health and Disease. Nat Rev Neurosci (2018) 19(10):622–35. doi: 10.1038/s41583-018-0057-5

105. Deczkowska, A, Keren-Shaul, H, Weiner, A, Colonna, M, Schwartz, M, and Amit, I. Disease-Associated Microglia: A Universal Immune Sensor of Neurodegeneration. Cell (2018) 173(5):1073–81. doi: 10.1016/j.cell.2018.05.003

106. Cai, W, Dai, X, Chen, J, Zhao, J, Xu, M, Zhang, L, et al. STAT6/Arg1 Promotes Microglia/Macrophage Efferocytosis and Inflammation Resolution in Stroke Mice. JCI Insight (2019) 4(20):1–20. doi: 10.1172/jci.insight.131355

107. Yurdagul, A Jr, Subramanian, M, Wang, X, Crown, SB, Ilkayeva, OR, Darville, L, et al. Macrophage Metabolism of Apoptotic Cell-Derived Arginine Promotes Continual Efferocytosis and Resolution of Injury. Cell Metab (2020) 31(3):518–33.e10. doi: 10.1016/j.cmet.2020.01.001

108. Martinez, FO, and Gordon, S. The M1 and M2 Paradigm of Macrophage Activation: Time for Reassessment. F1000Prime Rep (2014) 6:13. doi: 10.12703/P6-13

109. Ransohoff, RM. A Polarizing Question: do M1 and M2 Microglia Exist? Nat Neurosci (2016) 19(8):987–91. doi: 10.1038/nn.4338

110. Mathys, H, Davila-Velderrain, J, Peng, Z, Gao, F, Mohammadi, S, Young, JZ, et al. Single-Cell Transcriptomic Analysis of Alzheimer’s Disease. Nature (2019) 570(7761):332–7. doi: 10.1038/s41586-019-1195-2

111. Domingues, HS, Portugal, CC, Socodato, R, and Relvas, JB. Oligodendrocyte, Astrocyte, and Microglia Crosstalk in Myelin Development, Damage, and Repair. Front Cell Dev Biol (2016) 4:71. doi: 10.3389/fcell.2016.00071

112. Miron, VE, Boyd, A, Zhao, JW, Yuen, TJ, Ruckh, JM, Shadrach, JL, et al. M2 Microglia and Macrophages Drive Oligodendrocyte Differentiation During CNS Remyelination. Nat Neurosci (2013) 16(9):1211–8. doi: 10.1038/nn.3469

113. Lloyd, AF, Davies, CL, Holloway, RK, Labrak, Y, Ireland, G, Carradori, D, et al. Central Nervous System Regeneration is Driven by Microglia Necroptosis and Repopulation. Nat Neurosci (2019) 22(7):1046–52. doi: 10.1038/s41593-019-0418-z

114. Lloyd, AF, and Miron, VE. The Pro-Remyelination Properties of Microglia in the Central Nervous System. Nat Rev Neurol (2019) 15(8):447–58. doi: 10.1038/s41582-019-0184-2

115. Clements, CS, Reid, HH, Beddoe, T, Tynan, FE, Perugini, MA, Johns, TG, et al. The Crystal Structure of Myelin Oligodendrocyte Glycoprotein, a Key Autoantigen in Multiple Sclerosis. Proc Natl Acad Sci USA (2003) 100(19):11059–64. doi: 10.1073/pnas.1833158100

116. Johns, TG, and Bernard, CC. The Structure and Function of Myelin Oligodendrocyte Glycoprotein. J Neurochem (1999) 72(1):1–9. doi: 10.1046/j.1471-4159.1999.0720001.x

117. Nugent, AA, Lin, K, van Lengerich, B, Lianoglou, S, Przybyla, L, Davis, SS, et al. Trem2 Regulates Microglial Cholesterol Metabolism Upon Chronic Phagocytic Challenge. Neuron (2020) 105(5):837–54.e9. doi: 10.1016/j.neuron.2019.12.007

118. Poliani, PL, Wang, Y, Fontana, E, Robinette, ML, Yamanishi, Y, Gilfillan, S, et al. TREM2 Sustains Microglial Expansion During Aging and Response to Demyelination. J Clin Invest (2015) 125(5):2161–70. doi: 10.1172/JCI77983

119. Marschallinger, J, Iram, T, Zardeneta, M, Lee, SE, Lehallier, B, Haney, MS, et al. Lipid-Droplet-Accumulating Microglia Represent a Dysfunctional and Proinflammatory State in the Aging Brain. Nat Neurosci (2020) 23(2):194–208. doi: 10.1038/s41593-019-0566-1

120. Sberna, G, Saez-Valero, J, Beyreuther, K, Masters, CL, and Small, DH. The Amyloid Beta-Protein of Alzheimer’s Disease Increases Acetylcholinesterase Expression by Increasing Intracellular Calcium in Embryonal Carcinoma P19 Cells. J Neurochem (1997) 69(3):1177–84. doi: 10.1046/j.1471-4159.1997.69031177.x

121. Silveyra, MX, Garcia-Ayllon, MS, Serra-Basante, C, Mazzoni, V, Garcia-Gutierrez, MS, Manzanares, J, et al. Changes in Acetylcholinesterase Expression are Associated With Altered Presenilin-1 Levels. Neurobiol Aging (2012) 33(3):627 e27–37. doi: 10.1016/j.neurobiolaging.2011.04.006

122. Garcia-Ayllon, MS, Small, DH, Avila, J, and Saez-Valero, J. Revisiting the Role of Acetylcholinesterase in Alzheimer’s Disease: Cross-Talk With P-tau and Beta-Amyloid. Front Mol Neurosci (2011) 4:22. doi: 10.3389/fnmol.2011.00022

123. Apelt, J, Kumar, A, and Schliebs, R. Impairment of Cholinergic Neurotransmission in Adult and Aged Transgenic Tg2576 Mouse Brain Expressing the Swedish Mutation of Human Beta-Amyloid Precursor Protein. Brain Res (2002) 953(1-2):17–30. doi: 10.1016/s0006-8993(02)03262-6

124. Ye, M, Iwasaki, H, Laiosa, CV, Stadtfeld, M, Xie, H, Heck, S, et al. Hematopoietic Stem Cells Expressing the Myeloid Lysozyme Gene Retain Long-Term, Multilineage Repopulation Potential. Immunity (2003) 19(5):689–99. doi: 10.1016/s1074-7613(03)00299-1

125. Blank, T, and Prinz, M. CatacLysMic Specificity When Targeting Myeloid Cells? Eur J Immunol (2016) 46(6):1340–2. doi: 10.1002/eji.201646437

126. Orthgiess, J, Gericke, M, Immig, K, Schulz, A, Hirrlinger, J, Bechmann, I, et al. Neurons Exhibit Lyz2 Promoter Activity In Vivo: Implications for Using LysM-Cre Mice in Myeloid Cell Research. Eur J Immunol (2016) 46(6):1529–32. doi: 10.1002/eji.201546108

127. Fouda, AY, Xu, Z, Narayanan, SP, Caldwell, RW, and Caldwell, RB. Utility of LysM-cre and Cdh5-cre Driver Mice in Retinal and Brain Research: An Imaging Study Using Tdtomato Reporter Mouse. Invest Ophthalmol Vis Sci (2020) 61(3):51. doi: 10.1167/iovs.61.3.51

128. Helmfors, L, Boman, A, Civitelli, L, Nath, S, Sandin, L, Janefjord, C, et al. Protective Properties of Lysozyme on Beta-Amyloid Pathology: Implications for Alzheimer Disease. Neurobiol Dis (2015) 83:122–33. doi: 10.1016/j.nbd.2015.08.024

129. Goldmann, T, Wieghofer, P, Muller, PF, Wolf, Y, Varol, D, Yona, S, et al. A New Type of Microglia Gene Targeting Shows TAK1 to be Pivotal in CNS Autoimmune Inflammation. Nat Neurosci (2013) 16(11):1618–26. doi: 10.1038/nn.3531

130. Yona, S, Kim, KW, Wolf, Y, Mildner, A, Varol, D, Breker, M, et al. Fate Mapping Reveals Origins and Dynamics of Monocytes and Tissue Macrophages Under Homeostasis. Immunity (2013) 38(1):79–91. doi: 10.1016/j.immuni.2012.12.001

131. Kaiser, T, and Feng, G. Tmem119-EGFP and Tmem119-CreERT2 Transgenic Mice for Labeling and Manipulating Microglia. eNeuro (2019) 6(4):448–66. doi: 10.1523/ENEURO.0448-18.2019

132. Ruan, C, Sun, L, Kroshilina, A, Beckers, L, De Jager, P, Bradshaw, EM, et al. A Novel Tmem119-tdTomato Reporter Mouse Model for Studying Microglia in the Central Nervous System. Brain Behav Immun (2020) 83:180–91. doi: 10.1016/j.bbi.2019.10.009



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.

Copyright © 2021 Ma, Hunt, Kovalenko, Liang, Selenica, Orr, Zhang, Gensel, Feola, Gordon, Morgan, Bickford and Lee. 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.




REVIEW

published: 10 June 2021

doi: 10.3389/fimmu.2021.676621

[image: image2]


Immune Response in Neurological Pathology: Emerging Role of Central and Peripheral Immune Crosstalk


Austin P. Passaro 1,2, Abraham L. Lebos 1,3, Yao Yao 1,4 and Steven L. Stice 1,2,4*


1 Regenerative Bioscience Center, University of Georgia, Athens, GA, United States, 2 Division of Neuroscience, Biomedical Health and Sciences Institute, University of Georgia, Athens, GA, United States, 3 Department of Biochemistry and Microbiology, University of Georgia, Athens, GA, United States, 4 Department of Animal and Dairy Science, University of Georgia, Athens, GA, United States




Edited by: 
Maya Koronyo-Hamaoui, Cedars Sinai Medical Center, United States

Reviewed by: 
Mohammad Ejaz Ahmed, University of Missouri, United States
 Emanuele D’Amico, University of Catania, Italy

*Correspondence: 
Steven L. Stice
 sstice@uga.edu

Specialty section: 
 This article was submitted to Multiple Sclerosis and Neuroimmunology, a section of the journal Frontiers in Immunology


Received: 05 March 2021

Accepted: 17 May 2021

Published: 10 June 2021

Citation:
Passaro AP, Lebos AL, Yao Y and Stice SL (2021) Immune Response in Neurological Pathology: Emerging Role of Central and Peripheral Immune Crosstalk. Front. Immunol. 12:676621. doi: 10.3389/fimmu.2021.676621



Neuroinflammation is a key component of neurological disorders and is an important therapeutic target; however, immunotherapies have been largely unsuccessful. In cases where these therapies have succeeded, particularly multiple sclerosis, they have primarily focused on one aspect of the disease and leave room for improvement. More recently, the impact of the peripheral immune system is being recognized, since it has become evident that the central nervous system is not immune-privileged, as once thought. In this review, we highlight key interactions between central and peripheral immune cells in neurological disorders. While traditional approaches have examined these systems separately, the immune responses and processes in neurological disorders consist of substantial crosstalk between cells of the central and peripheral immune systems. Here, we provide an overview of major immune effector cells and the role of the blood-brain barrier in regard to neurological disorders and provide examples of this crosstalk in various disorders, including stroke and traumatic brain injury, multiple sclerosis, neurodegenerative diseases, and brain cancer. Finally, we propose targeting central-peripheral immune interactions as a potential improved therapeutic strategy to overcome failures in clinical translation.
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Introduction

Inflammation is the body’s natural response to injury, infection, or other potential damage, which has evolved as a protective defense mechanism. While acute inflammation is important in helping protect the body from harm, chronic inflammation is often detrimental, and can occur either as an ongoing response to long-term infection or injury or due to amplification of an initial acute response (1). In the central nervous system (CNS), inflammation primarily consists of activation of microglia, the primary immune cells in the brain and spinal cord, in a process commonly referred to as neuroinflammation (2). Neuroinflammation has gained significant attention over the past two decades as a therapeutic target for many neurological and neurodegenerative conditions, such as stroke, traumatic brain injury, Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis (ALS), among others (3).

Specifically, microglia-mediated neuroinflammation has received significant attention as a therapeutic target (4, 5). While microglia and initial immune response has been long thought to be beneficial, they are now commonly thought of as a “double-edged sword,” with dysregulated responses and/or chronic inflammation often preceding and contributing to the onset and progression of many neurological disorders (2, 6, 7). Despite this focus on microglia and neuroinflammation, few therapeutics and clinical trials have been successful in treating these disorders. Early attempts to target microglia to prevent or dampen neuroinflammation typically focused on general immunosuppressants (i.e. minocycline) but were not as effective as in the periphery (8–10). As the role of neuroinflammation continues to be recognized and clinical trials continue to fail (11–13), it is evident that simple treatments aimed at suppressing microglia are not enough, necessitating a more comprehensive approach.

While the CNS has often been considered to be mostly isolated from the peripheral immune system via the blood-brain barrier (BBB), a significant role is being recognized for the peripheral immune response in neural pathologies (1, 14). For example, cytokines released in the periphery can both make it across the BBB (15) to cause direct neurotoxicity and contribute to microglia and astrocyte activation (10). Additionally, peripheral immune cells can infiltrate the brain and further affect neuroinflammation, especially after BBB disruption, as seen in ischemic stroke (16). Despite traditional research looking at central and peripheral immune responses as primarily distinct processes, these and other examples contribute to a growing body of evidence for central-peripheral immune crosstalk, especially in pathological conditions (1, 17–20). Perhaps one of the better-known neurological disorders involving the peripheral immune system is multiple sclerosis. Of note, immunotherapies targeting the peripheral immune system have provided some success in treating multiple sclerosis—providing support for this strategy in the aforementioned and other diseases moving forward (21). In this review, we first discuss distinct processes and overlap between the two systems, then provide a comprehensive overview of inflammation (both central and peripheral) in neurological and neurodegenerative conditions, with particular focus on central-peripheral immune crosstalk. Finally, we propose further examination into this crosstalk as a potential avenue for anti-inflammatory therapeutic development.



The Immune Response in the Central Nervous System: Key Effectors


Innate Immune System

The central immune system, also known as the neuroimmune system, is comprised of resident macrophages (microglia) and mast cells, as well as other glial cells and neurons (22) (Table 1). Microglia, resident macrophages of the CNS, serve as the primary immune cells in the brain and spinal cord. Sharing functions with other macrophages, microglia participate in phagocytosis and undergo activation in response to cytokines and other stimuli. Depending on the stimuli, microglia are activated and exhibit a spectrum of activation states, traditionally divided into M1 (“classically activated”) and M2 (“alternatively activated”) – a designation system used for other macrophages, as well (48). These can generally be thought of as pro-inflammatory and anti-inflammatory phenotypes, respectively, with M1 microglia secreting pro-inflammatory cytokines [e.g., tumor necrosis factor-alpha (TNF-α), IL-6] and M2 microglia secreting anti-inflammatory cytokines (e.g., IL-10). While useful, it is important to note that this distinction is now widely considered an oversimplification, with microglia activation falling on a more complicated axis, including disease-specific activation phenotypes (49, 50). Unlike monocyte-derived macrophages, microglia develop from yolk sac progenitors, migrating into the CNS in early development, and self-renew to maintain their population (36). Microglia exist scattered in a tiled manner throughout the CNS, constantly surveilling the environment for pathogens, damaged cells, and debris. Upon detection, microglia phagocytize the foreign material. In addition to this phagocytic role, microglia are heavily involved in inflammatory signaling via extensive cytokine secretion, creating feedback loops to activate nearby microglia and other effector cells (36). Additionally, microglia promote repair after injury via anti-inflammatory cytokine secretion and direct communication with neurons at specialized junctions (51). Dysfunction of inflammation-related signaling via microglia has been widely associated with chronic inflammation and contribution to many neurological and neurodegenerative conditions (2, 6, 7). It has become increasingly recognized that microglia also contribute substantially to developmental and homeostatic properties, in addition to their immune roles (36).


Table 1 | Major immune effector cells in neurological disorders.



Astrocytes, primarily known for their wide range of support functions in the CNS, also contribute significantly to the neuroimmune system. Astrocytes, like microglia, undergo activation in response to inflammatory stimuli and interactions with microglia and have been described on an A1/A2 activation spectrum, reflecting microglial M1/M2 activation (23). A1 astrocytes are proinflammatory and neurotoxic and have been implicated in the progression of neurodegenerative diseases and chronic neuroinflammation. A2 astrocytes, however, typically have neuroprotective functions and contribute to protection and repair after insult, similar to M2 microglia (24). In addition to inflammatory and anti-inflammatory roles of reactive astrocytes, astrocytes are vital to the integrity of the blood-brain barrier (BBB; detailed in the next section).

Ependymal cells in the choroid plexus and other ventricular areas are primarily responsible for secreting cerebrospinal fluid (CSF) but have also been noted to have immunological roles, primarily due to their formation of the blood-CSF barrier (BCSFB; detailed in the next section). In addition to this barrier function, several neuroimmune-related functions of ependymal cells and the BCSFB have been realized, including immunological signaling, detoxification, and inflammation/pathogen surveillance (28).

Mast cells are the only hematopoietic immune cells naturally located in the CNS, where they perform similar functions as in the periphery (i.e., allergic reactions and contribution to inflammation) (25). Mast cells have a noted ability to modulate BBB permeability, which often contributes to neuroinflammation and injury after ischemia. However, recently, mast cells have been recognized to degrade proinflammatory cytokines after traumatic brain injury, exhibiting anti-inflammatory and neuroprotective roles (52). These data suggest that mast cells, like many other immune cells, contribute to both inflammatory and anti-inflammatory mechanisms depending on specific conditions, reflecting complex roles and interactions (25). Importantly, mast cells are also the main immune cell involved in gut-brain axis function. Functional gastrointestinal (GI) disorders, including irritable bowel syndrome (IBS) and functional dyspepsia (FD), are now thought to result from gut-brain axis dysregulation (26). As the primary immune cell associated with GI neurons, mast cell activation plays a strong role in GI hypersensitivity and gut-brain inflammation, though more research is needed to determine the extent of mast cell functions and potential as therapeutic targets for these disorders (26). While GI disorders are perhaps the most evident manifestations of gut-brain axis dysregulation, this dysregulation is also increasingly being implicated in neurodegenerative diseases, including Alzheimer’s disease and Parkinson’s disease (27).

Neurons are not always recognized as immune cells, though they themselves interact significantly with immune effector cells, contributing to the neuroimmune response (31). Crosstalk between neurons and glia cells via cytokines, for example, can result in nociceptor firing and glial activation (29). As neuronal function is strongly effected by inflammation and the immune responses described above, neurons themselves participate in feedback loops and immunomodulation to coordinate these responses. Neurotransmitter and neuropeptide (e.g., substance P) secretion has also been implicated in regulating cytokine secretion and mast cell activation, suggesting a prominent immunomodulatory role (30).

In addition to native CNS cells, peripheral immune cells play crucial roles in neuroinflammation, especially via interactions with CNS cells. Due to their abundance and strong, quick response, neutrophils play an important role in acute infection and injury, as well as immunoregulation of other cells and early stages of tissue repair via cytokine and enzyme secretion (32). Neutrophils rapidly infiltrate the CNS upon disruption of the BBB, and while they have some protective effects (e.g., the secretion of neutrophil extracellular traps (NETs) can help trap invading pathogens), matrix metalloproteinase (MMP) and cytokine secretion contributes to further BBB degradation and overall detrimental effects (33). Basophils and peripheral mast cells regulate allergic and inflammatory responses and anaphylaxis via histamine secretion – inducing vasodilation to facilitate neutrophil and soluble factor access to injury sites and pathogens (32). More recently, these cells, especially basophils, have been found to secrete significant amounts of interleukin-4 (IL-4), an important mediator of T-helper 2 (Th2) inflammation and anti-inflammatory responses (34).

Monocytes, like granulocytes, are derived from myeloid progenitor cells in bone marrow and participate in phagocytosis and cytokine secretion. After several days in circulation, monocytes migrate into tissues where they differentiate into tissue resident macrophages and myeloid dendritic cells. Tissue resident macrophages go by different names depending on their specific locations (e.g., microglia in the brain) and are found in nearly all tissues and serve important functions in both innate and adaptive immunity. After CNS injury or inflammation, monocyte-derived macrophages can infiltrate the CNS via disruption of the BBB, where they can exhibit pro-inflammatory or anti-inflammatory functions depending on the local environment and interactions with microglia determining their activation state (i.e., M1 or M2) (35–37). Specific interactions are detailed in disease sections below.

Myeloid-derived suppressor cells (MDSCs) consist of two populations—monocytic MDSCs (M-MDSCs, monocyte-like) and polymorphonuclear MDSCs (PMN-MDSCs, neutrophil-like)—and have been recognized to play a role in immunoregulation (53). Notably, these cells have many immunosuppressive functions, including T cell suppression, regulatory T cell (Treg) upregulation, and secretion of anti-inflammatory cytokines. The roles of MDSCs in specific diseases, such as MS and cancer, are detailed in later sections.

The last major innate immunity cells are natural killer (NK) cells, not to be confused with natural killer T (NKT) cells, which are derived from lymphoid progenitor cells and function similarly to cytotoxic T cells (detailed in the adaptive immunity section below). More specifically, NK cells have the ability to recognize cells lacking expression of major histocompatibility complex (MHC) class I molecules – found on all “self” cells – allowing them to kill these cells quickly (54). Importantly, they are able to detect cells that cytotoxic T cells and others are not, most notably cancer cells that have lost MHC class I expression (55). In addition, they do not require prior activation to attack these cells, allowing for a more rapid response consistent with other innate immune effector cells. More recently, NK cells have been observed to have adaptive immune functions as well, such as the ability to develop immunological memory (56). Initially thought to be excluded from the brain in healthy conditions, a small CNS-native population has recently been reported (57). Additionally, this population consists mostly of a subset of NK cells with strong cytotoxic functions, though more research is needed to determine the role of this native subpopulation. Given their effector properties, NK cells that infiltrate the CNS in pathological conditions have primarily been associated with cancer (40) and multiple sclerosis (described below) (38, 39), so it is possible that these native cells may also contribute to similar pathologies.



Adaptive Immune System

The adaptive immune system, unlike the innate immune system, is highly specific, involving recognition and response to specific antigens (32). Due to this specificity and the need for antigen presentation to adaptive immune cells, this response is slower than the innate immune response but is highly effective. Notably, the specificity allows for development of immunological memory, enabling cells to respond to specific pathogens more quickly in the case of future exposure or infection. The primary effector cells of the adaptive immune system include B cells and T cells – also known as B and T lymphocytes – both of which include several important subtypes with various functions (see 41, 46, 58 for more comprehensive reviews of B and T cell subtypes). Importantly, while these cells are typically found in the periphery and involved in the systemic immune response, central-peripheral signaling (e.g., via cytokines) and BBB disruption in pathological conditions allows them to infiltrate the CNS, where they can interact with CNS immune cells. As a parallel to microglia activation, T helper (Th) cells, also known as CD4+ cells, assist other immune cells and adopt different profiles after activation, most notably Th1, Th2, and Th17 (42). Th1 cells are generally considered pro-inflammatory, primarily secrete interferon-gamma (IFN-γ), and interact with microglia after infiltrating the CNS. Th2 cells, on the other hand, are generally considered anti-inflammatory and primarily secrete IL-4. While a useful generalization, similar to the M1/M2 microglia model, the Th1/Th2 system has often been viewed as an oversimplification, and newer characterization techniques are being used to describe these populations in more detail (43). A third major subpopulation of Th cells, Th17 cells, develop from a distinct lineage from Th1 and Th2 cells, primarily secrete IL-17, and have recently been recognized as having important immunoregulatory functions, including neutrophil recruitment.

Cytotoxic T cells, also known as CD8+ T cells and killer T cells, primarily recognize and destroy damaged cells, most notably infected cells and cancer cells. CD8+ cells and interactions have crucial roles in glioblastoma and autoimmunity, detailed below. Tregs play an important role in immunosuppression, modulating and ending an immune response to prevent chronic inflammation and autoimmunity. While immunosuppression mechanisms employed by Tregs are under investigation, the immunomodulatory capacity of Tregs has received significant attention for potential therapeutic applications in autoimmune and chronic inflammatory conditions, as well as dysregulated neurological conditions, such as stroke (46).

A final T cell subtype is the gamma delta (γδ) T cell, which carries out both innate and adaptive immune functions (47). Interestingly, T cells mirror many actions of NK cells and can recognize and attack stressed or infected cells, including both solid tumors and hematopoietic cancer cells independent of MHC-binding. Due to this, they have been associated with positive cancer outcomes and received significant attention for cellular cancer therapies (59). While much focus has been on cancer, γδ T cells have also been associated with CNS disorders, primarily stroke and multiple sclerosis (60), where reports on their roles have varied. While most studies have identified proinflammatory roles and detrimental outcomes in these conditions, several others have noted potential reparative effects, as well, indicating that more research is needed on this relatively rare subset (60).




Blood-Brain and Blood-Cerebrospinal Fluid Barriers

Like the physical barriers (i.e., skin, mucous membranes) of the peripheral immune system, the central immune system has the blood-brain barrier (BBB) and blood-cerebrospinal fluid barrier (BCSFB) as initial lines of defense (61). Necessary neuroimmune maintenance and responses to injury or BBB/BCSFB compromise are carried out by the effector cells described above. These barriers protect the CNS by tightly regulating transport of cells (including peripheral immune cells), small molecules, and ions into the brain (62). Astrocytes are heavily involved in both formation and maintenance of the BBB, and disruption of which is associated with most neurological and neurodegenerative disorders. Maintaining the BBB, therefore, is a vital role for astrocytes in regulating neuroimmune function (Figure 1).




Figure 1 | Blood-brain barrier disruption allows peripheral immune cells to infiltrate the central nervous system. (1) Damaged and dying neurons secrete damage-associated molecular patterns (DAMPs), activating microglia. (2) Microglia are polarized to an M1, pro-inflammatory phenotype and secrete pro-inflammatory cytokines and factors, activating astrocytes. (3) Reactive astrocytes form a glial scar, temporarily protecting the brain but preventing future regeneration. (4) Astrocyte activation and dysfunction contributes to blood-brain barrier disruption, allowing infiltration of neutrophils and mast cells in the subacute phase (5), followed by T cells and peripheral macrophages (6) in later stages.



Whereas the BBB is formed via astrocyte-induced endothelial tight junctions, ependymal cells form tight junctions to create the BCSFB. Similar to the BBB, the BCSFB regulates transport of cells and various molecular components into the brain. As with the BBB, BCSFB disruption is associated with many disorders, and therapeutic strategies to both protect the BCSFB and exploit its transport properties are currently being explored (28).

In acute injury and disorders, such as stroke and traumatic brain injury, integrin expression is decreased, contributing to tight junction degradation and BBB leakage between endothelial cells (63). As astrocytes are activated by pro-inflammatory signaling, they further lose the ability to maintain the BBB, leading to significant BBB breakdown and infiltration of neutrophils and other peripheral immune cells. These cells both further contribute to BBB breakdown, as well as interact with central immune cells and promote secondary injury after stroke.

In addition to acute injuries, it is well understood that disruption of the BBB and BCSFB also occurs in chronic and neurodegenerative diseases, such as ALS, Alzheimer’s disease, and Parkinson’s disease (64). In these diseases, chronic exposure to ROS and dysregulated signaling between astrocytes, CNS endothelial cells, and pericytes cause the barriers to become hyperpermeable, allowing the invasion of monocytes and other peripheral immune cells into the CNS (65, 66). In Parkinson’s disease (PD), increased BBB permeability may be attributed to α-synuclein-induced dysfunction in astrocytes (67) – the PD-associated α-synuclein (A53T) mutation has been found to cause BBB breakdown and neurodegeneration when selectively expressed by astrocytes in a mouse model (68).

General neuroinflammatory processes – both acute and chronic – contribute heavily to BBB breakdown; therefore, the BBB remains a popular therapeutic target (63). After the BBB breaks down, the crosstalk and effects of infiltrating peripheral immune cells are vital to the overall injury response and disease progression in all of these disorders. In the following sections, we describe these specific responses in detail.



Inflammation in Neurological Disorders


Stroke and Traumatic Brain Injury

Stroke and traumatic brain injury (TBI) are leading causes of death and disability worldwide, and inflammation is widely recognized as a major contributing factor to secondary injury and pathology post-insult (69–71). While the mechanisms of injury are distinct, both conditions share similar immune responses with potential chronic impact. This long-term pathophysiology can lead to long-term disability and present risk factors for neurodegenerative disease and chronic traumatic encephalopathy (CTE).

As the primary drivers of neuroinflammation in the CNS, microglia have received the most attention for initiation and propagation of this inflammatory cascade; however, astrocytes and neurons have also been implicated, partially as a result of interactions with activated microglia (71–73). Immediately after the initial event, neurons begin to die and release damage-associated molecular patterns (DAMPs), activating microglia, which in turn secrete proinflammatory cytokines which contribute to a feedback loop and initiation of the neuroinflammatory response (69, 70). Astrocytes are induced by this response to become highly reactive, forming a “glial scar” to prevent further damage; however, this glial scar also prevents neuronal regeneration and recovery (23).

In addition to the central immune response, these cytokines and DAMPs are secreted into the circulation, stimulating the peripheral immune system. While the initial peripheral response is temporary, it can lead to immunosuppression and later complications (69). After initial BBB disruption, neutrophils and mast cells both infiltrate the CNS and contribute further to BBB breakdown via protease (i.e., matrix metalloproteinase and gelatinase, respectively) secretion. In addition to protease secretion, mast cells secrete cytokines and other vasodilatory and pro-inflammatory factors (e.g., histamine and heparin), further contributing to edema, sustained neuroinflammation, and peripheral immune cell chemoattraction (25, 74). This role is supported by decreased edema and reduced pathology in mast cell-deficient rodent models. Interestingly, however, recent evidence in mast cell-deficient rodents experiencing exacerbated pathology after traumatic brain injury points to anti-inflammatory and neuroprotective roles for these cells, suggesting a more complex role and interactions with other immune cells in the CNS (i.e., microglia and macrophages) (52). After invading the CNS via disruption of the BBB, neutrophils generate reactive oxygen species (ROS) that contribute to post-stroke pathology (75). Specifically, ROS and proteinase 3 (PR3) secretion directly modulate microglia, amplifying pro-inflammatory and neurotoxic effects (76). These effects have been strongly correlated to decreased functional outcome following ischemia (77). Microglia have been observed to trap and phagocytize infiltrating neutrophils, alleviating neutrophil-induced neurotoxicity in vitro (78). In vivo, this microglial association has also been observed, and preventing neutrophil infiltration via antibody blockade ameliorated post-stroke behavioral deficits – providing evidence for the functional importance of these neutrophil-microglia interactions (77). An alternative strategy targeting this neutrophil-microglia feedback loop has been explored in pre-clinical studies, utilizing immunomodulation to convert neutrophils to an “N2” phenotype, mirroring the anti-inflammatory M2 microglial phenotype (79). Targeting neutrophils with a peroxisome proliferator-activated receptor-γ (PPARγ) agonist, rosiglitazone – which has previously shown neuroprotective capacity in stroke models (80–82), as well as M2-polarizing effects (83–85) – induced an N2 phenotype resulting in neuroprotection. Interestingly, rosiglitazone treatment increased neutrophil infiltration, and rosiglitazone-treated neutrophil depletion abrogated neuroprotective effects, highlighting the specific neuroprotective effect of N2 neutrophils and demonstrating a novel strategy to modulate traditional detrimental neutrophil-microglia crosstalk.

In addition to neutrophils, T cells (86, 87) and NK cells (88) have also been implicated in post-insult damage, though interestingly, the T cells do not require antigen recognition for these effects. Indeed, blocking T cell invasion via antibody blockade demonstrated a decrease in lesion volume, suggesting a prominent role in post-stroke pathology (77). Of note, while T cell blockade appeared to correlate strongly to lesion size, neutrophil blockade was associated more strongly with improved behavioral outcomes, providing evidence for distinct roles and interactions between these cells and native parenchymal cells (77). γδ T cells, despite residing primarily in the gut, have also been demonstrated to play a strong role in post-stroke pathology (89). In concert with Th17 cells, γδ T cells secrete IL-17 and other pro-inflammatory cytokines and have been observed to migrate to meningeal compartments in response to ischemia (90). In the brain, γδ T cell-secreted IL-17 acts with microglia-secreted TNF-α to induce astrocytic expression of the neutrophil chemoattractant CXCL1, contributing to the neutrophil-induced pathology described above (87). Reducing γδ T cell activity via fecal transplant (90) or anti-IL-17 blockade (87) ameliorated ischemic injury in mouse middle cerebral artery occlusion (MCAO) models.

Alternatively, T cells and infiltrating macrophages have been noted to promote neurogenesis and encourage post-stroke recovery and repair, suggesting more complex interactions with neural cells (91). More specifically, Tregs, γδ T cells, and M2 macrophages have been shown to enhance neuroprotection via reduction of neuroinflammation after stroke (91–93). This is in accordance with evidence from a study investigating extracellular vesicles as a potential stroke therapeutic, in which improved recovery and survival were correlated with increased Tregs and M2 macrophages, and decreased pro-inflammatory Th17 cells (94). Furthermore, several studies have suggested that microglia–T cell interactions may be responsible for determining beneficial or detrimental effects of T cells post-injury (17). Particularly, M1 microglia induce Th1 and Th17 T cell activation (95) and recruit T cells via chemokine secretion, creating a pro-inflammatory response and feedback loop (96); alternatively, M2 microglia induce Th2 and Treg activation (95–97) to promote an anti-inflammatory, reparative response. These complex interactions in both responses are regulated by a host of contact-mediated (e.g., MHCII, CD40) and non-contact-mediated factors (e.g., cytokines, chemokines) to balance proinflammatory and anti-inflammatory activity (17).

Despite the focus on inflammation and immunomodulation and promising pre-clinical results, translation has been largely unsuccessful (89, 98). Due to the mounting evidence of the importance of peripheral–central immune crosstalk (Figure 2), targeting the peripheral immune system in addition to the central immune system, particularly the types of interactions outlined here, represents significant potential for improving translational potential (99).




Figure 2 | Central-peripheral immune crosstalk in stroke and traumatic brain injury. (1) Microglia phagocytize infiltrating neutrophils. (2) Neutrophils that are not phagocytized secrete ROS and proteinases, amplifying M1 microglial activation. (3-5) Microglia-secreted TNF-α and γδ T cell-secreted IL-17 induce astrocytic expression of CXCL1, which further contributes to neutrophil-induced pathology. (6) “N2” neutrophils, as well as (7) M2 macrophages and Tregs, promote M2 microglial activation and anti-inflammation.





Multiple Sclerosis and Autoimmune Disorders

Autoimmune disorders, such as multiple sclerosis (MS), involve a direct attack by the immune system on host cells. In MS, immune cells attack the myelin sheath surrounding axons, ultimately leading to demyelination and disability. MS has traditionally been distinguished into two categories – relapse-remitting or progressive; however, it is now recognized that these categories overlap, creating a spectrum of disease manifestation (100). Relapsing symptoms can be attributed to acute inflammation, especially involving peripheral immune infiltration, while progressive symptoms are mostly attributed to neuroinflammation. It is worth acknowledging that there has been moderate success in treating MS with immunotherapy, especially compared to other neurological diseases; however, these therapies primarily target the peripheral immune system and thus are not very effective at treating progressive symptoms (21). The recognition of overlap between these symptoms indicates a crucial role of central and peripheral immune crosstalk in MS onset and progression and may serve as an improved therapeutic target for progressive MS. While many mechanisms of MS etiology remain unknown, experimental autoimmune encephalomyelitis (EAE) models have been widely used to study MS and have revealed potential mechanisms. One common mechanism initially commences with CD4+ T cell migration into the CNS (101). This infiltration can occur due to BBB disruption or across the BCSFB, and these T cells can either be autoreactive – recognizing host myelin as an antigen – at the time of infiltration or subsequently activated. In either case, these reactive T cells secrete proinflammatory cytokines, stimulating microglia and recruiting peripheral macrophages that contribute to myelin degradation (101). Activated microglia secrete additional proinflammatory cytokines, worsening neuroinflammation and further disrupting the BBB, allowing increased peripheral immune cell infiltration. This neuroinflammation is mediated via both microglia and astrocytes (102) and is maintained and perpetuated throughout disease progression as neurons demyelinate and die off (103).

Despite a focus on T cells as the primary autoimmune effector cells in MS, recent evidence strongly implicates B cells, as well (104). Upon inflammation, B cells can infiltrate CNS compartments, and increased CSF B cell counts are correlated with MS lesions. Additionally, B cells are associated in higher numbers with early demyelinating lesions rather than later disease stages, suggesting a role in disease progression. As mentioned above, immunotherapies have shown success for MS, notably via specific targeting of B cells (105). While these results are promising, much work remains concerning B cell-targeted therapies and mechanisms underlying the role of B cells in MS (104); however, recent evidence points to a mechanism by which B cells contribute to T cell autoreactivity and proliferation, thus facilitating MS onset and progression (106). This study further supports the potential to develop B cell-targeting approaches. Along these lines, it has now been discovered that MDSCs may regulate B cell activity in the CNS (107). Specifically, lower PMN-MDSC counts in the CSF were associated with MS relapse compared to higher counts in stable conditions. MDSC depletion in an EAE model prevented recovery, providing evidence of the immunosuppressive capacity of MDSCs in MS. Finally, it was shown that MDSCs suppress B cell activation and accumulation, ultimately resulting in decreased microglial activation and disease severity (107).

MS patients have a noted component of inflammation in the meningeal compartments that persists throughout all stages of disease progression (100). The extent of meningeal inflammation is correlated to disease severity and is primarily composed of CD4+ and CD8+ T cells, B cells, and dendritic cells (108). These aggregates are maintained via proinflammatory cytokines and signals generated both by immune cells in the meningeal compartment, as well as in the CNS, including astrocytes in MS lesion areas (109). Heightened meningeal inflammation has also been correlated to increased microglial activation and neuroinflammation, resulting in downstream demyelination and neuronal death (110). Crosstalk between this meningeal compartment and neuroimmune cells, therefore, represents a potential target to treat progressive MS. Indeed, several studies targeting neuroinflammation – especially reactive astrocytes – appear to alleviate progressive MS in preclinical models (111–113). Additionally, a few of the FDA-approved immunotherapies for relapsing MS that have shown some benefit in progressive cases have primarily been successful when patients were in early stages of progressive MS (114). This suggests that interrupting or preventing the eventual inflammatory meningeal compartmentalization and neuroinflammation could effectively delay or prevent progressive symptoms (21).

While pro-inflammatory microglia activation and responses are associated with detrimental outcomes, a recent study using CX3CR1-Cre to specifically label and distinguish microglia from macrophages has provided evidence of a previously unrecognized protective role of microglia (115). Particularly, microglia appear to limit peripheral macrophage infiltration into the CNS, protecting from neurotoxic effects and demyelination. This effect was eliminated via microglia ablation, resulting in increased macrophage invasion and axonal loss. Additionally, microglia in this model were determined to exhibit unique activation phenotypes, more consistent with “disease-associated microglia” (DAMs) previously associated with Alzheimer’s disease (116). This indicates that these microglia-macrophage interactions may be similar to those seen in other neurodegenerative diseases. This crosstalk, therefore, plays an important role in both onset and long-term progression of MS and may serve useful for therapeutic intervention.

Finally, neutrophils have also been implicated in MS progression and severity. High neutrophil counts and neutrophil-to-lymphocyte ratio has been directly correlated to disease activity in MS patients (117). Supporting this, neutrophil depletion in EAE models of MS successfully reduced disease severity—lending further credence to a detrimental role of neutrophils in MS and other autoimmune disorders (118). Probing into this mechanism, CXCR2-knockout EAE mice were also found to exhibit reduced disease severity, suggesting neutrophil-induced damage may be mediated via CXCR2 signaling and interactions with microglia and providing a potential therapeutic target (119).




Inflammation in Neurodegenerative Diseases


Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic lateral sclerosis (ALS), commonly referred to as Lou Gehrig’s disease, is a progressive neurodegenerative disease characterized by the degeneration of motor neurons in the motor cortex, brainstem, and spinal cord. Motor neuron dysfunction in ALS patients results in severe impairment of motor functions including mobility, speech, respiration, and the ability to eat. These symptoms cause those suffering from the condition to experience a low quality of life and an average life expectancy of only two to four years following onset (120). Greater than 90% of ALS cases arise sporadically, however, familial cases have been linked to several genetic mutations, most notably mutant Cu2+/Zn2+ superoxide dismutase (mSOD1), which also appears in idiopathic cases (121). The pathogenesis of ALS is heterogeneous, implicating and causing damage to a wide variety of systems, pathways, and cell types. This heterogeneity has presented challenges for developing treatments – current therapeutics do not successfully address multiple pathologies simultaneously, are few in number, and do not significantly improve length or quality of life (122). Thus, further elucidation of complex disease mechanisms and the cell types involved is vital to creating targeted and multi-faceted treatments for ALS.

Microglia are the principal contributors to neuroinflammation and are neuroprotective in early stages of ALS (123). However, as the disease progresses, microglia become prone to multiple stressors, such as oxidative stress and mitochondrial dysfunction. These stressors culminate to activate microglia, causing them to adopt a pro-inflammatory phenotype, resulting in secretion of pro-inflammatory cytokines (i.e., IL-6, IL-1β, TNF-α) that contribute to motor neuron death (124, 125). This response is regulated by the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway (126). Thus, microglia play a critical and dual role in ALS, and their potential to either combat or encourage neurodegeneration has made them significant targets for developing therapeutics (127).

Astrocytes are also highly implicated in the neuroinflammatory response of ALS and become activated as a result of free radicals and M1 microglial signaling via pro-inflammatory cytokines (128, 129). mSOD1 astrocytes have been found to activate NOX2, causing superoxide production leading to neuronal loss (130). Additionally, transplanted healthy astrocytes have been shown to reduce microgliosis in an ALS mSOD1 mouse model, indicating that astrocytes may regulate the inflammatory response of microglia and their downstream effects on motor neuron survival (131).

As mentioned above, BBB disruption also allows for peripheral immune infiltration. Degeneration at the neuromuscular junction (NMJ) results in recruitment and infiltration of peripheral macrophages along nerve fibers – autopsies of patients with ALS show infiltrating neutrophils and degranulating mast cells in the NMJ and along the entire peripheral motor pathway (132, 133). Mast cells were identified both in close association with NMJs and formed extracellular traps via interactions with neutrophils contributing to neurodegeneration in ALS subjects (133). This mechanism was supported by evidence that blocking mast cell and neutrophil migration to the NMJ resulted in decreased degeneration and muscle loss. However, other evidence shows this to be a response to denervation rather than an initiator – similar to the DAMP-induced response observed in stroke and TBI (134). Circulating monocytes display a proinflammatory phenotype in ALS patients and higher proinflammatory gene expression (e.g., IL1B, IL8, FOSB, CXCL1, CXCL2) is correlated with more rapid disease progression (135). Notably, these monocytes were observed to be preferentially recruited to the spinal cord than the brain in the mouse SOD1 model, in accordance with the loss of lower motor neurons in the spinal cord but not upper motor neurons in the brain. This inflammatory monocyte activation was also observed 2 months prior to disease onset, suggesting an important role for monocyte activation and infiltration in disease onset and progression upon recruitment by resident microglia. Several lines of evidence from human patients support this role of monocyte activation and interactions with microglia, as well – particularly, increased expression of CCL2 (a monocyte-recruiting chemokine) was detected in ALS patient glia, and CD14+ monocytes were detected in close proximity to motor neurons and correlated with worsened disease progression (136). A concomitant decrease in circulating CD14+ monocytes was noted in ALS patients, hypothesized to correspond to these cells migrating to the brain and spinal cord (137, 138).

In addition to the innate peripheral response, the adaptive immune response is involved via infiltrating and circulating T cells in ALS (20). In early disease stages, Tregs appear to be more involved, playing a prominent immunosuppressive role (139, 140). In later stages, however, proinflammatory Th1 and CD8+ T cells have been found to be upregulated and contribute to cytotoxicity via release of IFN-γ and TNF-α (44, 45). Accumulating evidence shows that significant crosstalk takes place between the central and peripheral immune systems during ALS pathogenesis (140, 141). As mentioned above, Tregs can suppress microglial activation via IL-4 secretion, however as the disease progresses, neuroprotective Tregs and M2 microglia shift to a proinflammatory Th1/M1 response (142). Th1 cells secrete IFN-γ which further promotes M1 microglia activation, and M1 microglia in turn promote Th1 cell activation, creating a positive neuroinflammatory feedback loop (143). This process is strongly associated with decreased FOXP3 expression by Tregs (144). Additionally, astrocytes in ALS over-produce transforming growth factor-β1 (TGF-β1), suppressing the neuroprotective response of infiltrating T-cells and accelerating disease progression (145).

Though there are conflicting arguments for whether the brain-gut biota axis contributes to ALS pathogenesis, alterations in gut biota have been shown to precede symptoms of motor dysfunction and muscle atrophy in mSOD1 mice (146). In response to growing evidence for crosstalk between the gut microbiota, neuro, and peripheral immune systems, a clinical trial is investigating fecal microbial transplantation (FMT) as a potential treatment for patients with ALS. The results have not yet been published, but it is hypothesized FMT may increase the number of Tregs and subsequently result in downstream neuroprotective effects on motor neurons (147).

It is apparent that crosstalk between systems plays a crucial role in the onset and development of ALS and other neurodegenerative diseases (Figure 3). Further research into developing therapeutics should target interactions between T-lymphocytes, microglia, astrocytes, and the gut microbiota in the neuroinflammatory response.




Figure 3 | Central-peripheral immune crosstalk in neurodegenerative diseases. (1) Infiltrating monocytes secrete pro-inflammatory factors that activate microglia (e.g., IL-1B, IL-8, FOSB, CXCL1/2). (2) M2 macrophages play an early neuroprotective role via anti-inflammatory cytokine (e.g., IL-4, IL-10) secretion. (3) Alternatively, M1 macrophages play a late neurotoxic role via secretion of pro-inflammatory cytokines (i.e., IFN-γ). (4) Peripheral Th2 cells downregulate pro-inflammatory cytokine secretion (e.g., GM-CSF, TNF-α, IL-2) resulting in decreased microgliosis. (5) Astrocytes secrete TGF-β1, suppressing neuroprotective T cell responses (ultimately disinhibiting M1 pro-inflammatory responses). (6) Monocytes upregulate chemotactic gene expression (e.g., LRRK2), contributing to pro-inflammatory pathology. (7) Cytotoxic (CD8+) T cells stimulate microglial ROS secretion.





Alzheimer’s Disease

Alzheimer’s Disease (AD) is the most prevalent neurodegenerative disorder and the leading cause of dementia (148). AD pathogenesis is characterized by the accumulation of extracellular amyloid-beta (Aβ) plaques and neurofibrillary tangles (NFT) in cortical and limbic brain regions (149). Aβ plaques and NFT act as danger-associated molecular patterns (DAMPs), triggering a neuroinflammatory response from resident CNS immune cells, including microglia (150, 151). This response may be initially protective, as activated microglia have been shown to clear excess Aβ plaques and cell debris (152, 153). However, akin to other neurodegenerative diseases, AD microglia become chronically overactive and the continued release of pro-inflammatory cytokines leads to neurotoxicity, synapse loss, cognitive decline, and dysfunction in the microglia themselves (154). Notably, evidence shows that phagocytic clearance of Aβ plaques by microglia becomes impaired in AD as a result of high cytokine concentrations (155). Thus, Aβ plaque clearance and combatting neuroinflammation via microglia are key targets in existing and developing therapeutics.

Astrocytes undergo astrogliosis as a result of microglial-mediated NF-κB signaling, becoming active and further contributing to neuroinflammation (23, 156). Astrocytes can secrete Aβ, and in turn, Aβ plaques have been shown to stimulate astrocytic release of AD-associated proinflammatory cytokines (IFN-γ, IL-1β, TNF-α, IL-6, and TGF-β). Along with microglia and oligodendrocyte precursor cells, astrocytes contribute to the formation of glial scars, as seen in stroke and TBI. In AD patients, glial scars can initially be neuroprotective by helping to phagocytose Aβ plaques and constrain toxic materials resulting from NFT-damage (157, 158). However, the scars reduce neural plasticity and can serve as a barrier to neurogenesis and replacing lost neurons, hindering recovery (159). Modulating the dual role of glial scar formation therefore has the potential to mitigate the effects of AD.

Mast cells are also hypothesized to have pro-inflammatory and detrimental roles in AD, both directly and via interactions with microglia (160). The NLPR3 inflammasome is activated downstream of NF-κB and can promote chronic inflammation. Due to this, the NLPR3 inflammasome has received attention as both a biomarker and target to treat early-stage AD, primarily in microglia. Mast cells have also been shown to express the NLPR3 inflammasome in other models (161) and are postulated to contribute to AD-associated inflammation via similar mechanisms, positioning them as a potential target for therapeutic intervention (160).

Systemic and infiltrating peripheral immune cells have also been implicated in AD pathogenesis, both encouraging and abating disease progression directly (e.g., phagocytosis) and by affecting neuroinflammation via crosstalk with the CNS. Aβ-reactive B cells and T cells have been found in peripheral blood of patients with AD, suggesting that Aβ can antigenically induce an adaptive immune response (162, 163). Additionally, evidence has shown levels of circulating Aβ-reactive T cells to be positively correlated with AD progression (164). Immunosuppressive Tregs have been found to be decreased in blood samples from AD patients, indicating their loss may contribute to the failure in regulating inflammation (165). Furthermore, Aβ specific Th2 cells in the periphery can downregulate pro-inflammatory cytokines (GM-CSF, TNFα, IL-2) in transgenic mice – a shift that is correlated with reduced microgliosis and improved cognitive performance (166). Notably, peripheral macrophages have also been increasingly implicated in Aβ clearance, and CNS-expressed IL-34 appears to reduce this clearance capacity (167). Further examination of interactions between resident CNS cells and infiltrating macrophages – and the differences in Aβ clearance ability – may serve as an effective target for therapeutic intervention.

The increased permeability of the BBB in AD allows for infiltration of T lymphocytes at postcapillary vessels, adding to the neuroinflammatory milieu. VCAM-1, RAGE receptors, and CCR5 chemokine receptors mediate the recruitment of T cells via Aβ stimulation from the brain parenchyma (168. T-cell migration across the endothelium is additionally promoted via Aβ-induced TNF-α secretion by microglia (169). This results in astrocytic activation and overproduction of TGF-β1, potentially as a compensatory mechanism to decrease Aβ accumulation, though this response is ultimately detrimental (170). Treatments may consider targeting crosstalk between T cells, microglia, astrocytes, and Aβ to attenuate peripheral recruitment to the BBB and exacerbation of neuroinflammation in AD.

The choroid plexus comprises the blood-CSF barrier and is a master regulator of bidirectional communication and immune trafficking into the CNS (171). In AD models, the choroid plexus appears to be immunologically suppressed due to insufficient IFN-γ signaling (172). Utilizing Tregs to target this immunosuppression in the 5xFAD model leads to increased trafficking of monocytes and improved function (173). Dysfunction in the choroid plexus therefore does not allow sufficient entry of beneficial leukocytes, while neutrophils are still able to pass through the compromised BBB and further potentiate disease (174). Future studies should continue investigating the therapeutic potential of the choroid plexus as a significant point of crosstalk between the central and peripheral immune systems in AD.



Parkinson’s Disease

Second in prevalence for neurodegenerative disorders is Parkinson’s Disease (PD), of which the incidence is expected to double by 2040, primarily due to an aging worldwide population (175, 176). PD is characterized by the degeneration of nigrostriatal dopaminergic neurons, leading to symptoms of bradykinesia, resting tremor, impaired balance, and rigidity (177). Patients also may experience non-motor disturbances (hyposmia, constipation, REM sleep disorders) in a prodromal phase preceding motor dysfunction by many years – this stage is intimately linked to peripheral inflammation and has become a time point of interest for treating PD prior to irreversible damage (178). The hallmark feature of PD is the pathogenic accumulation of Lewy bodies, which are composed of aggregated and misfolded α-synuclein protein. PD α-synuclein is liable to aggregate due to its β-sheet-rich amyloid-like structure and conformational changes induced by C-terminal truncation, serine 129 phosphorylation, and ubiquitination (179). Familial cases of PD have been causally linked to point mutations in the α-synuclein gene (SNCA), though the majority of cases arise sporadically (180, 181). α-synucleinopathy is nevertheless seen both in inherited and idiopathic cases, being a key contributor to mitochondrial dysfunction and activator of proinflammatory responses (182).

Following the pattern of other neurodegenerative diseases, microglia in PD become overactive and contribute to a chronic, deleterious cycle of neuroinflammation via secretion of TNFα, IL-6, IL-1β, IFN-γ and free radicals (ROS, NO) which stimulate NF-κB cell-death pathways (183). It is well understood that α-synuclein can directly activate microglia and trigger pro-inflammatory behavior – α-synuclein provokes dose-dependent activation of microglia in primary cultures (184). A longitudinal study of idiopathic PD patients found no significant changes in microglial activation, and activation of microglia has been shown to precede dopaminergic degeneration and motor dysfunction in transgenic mice (184, 185). Thus, robust evidence exists for microglia-mediated neuroinflammation having a primary role in PD pathogenesis, making it a key target for past and emerging therapeutics.

Postmortem PD brains display an elevated density and phenotypic changes in astrocytes (186), which directly communicate with microglia and exacerbate their inflammatory behavior when activated (187). Astrocytes can endocytose and degrade neuronally secreted α-synuclein (188, 189), however, studies show that high concentrations of α-synuclein dose-dependently induce a proinflammatory response from astrocytes (190). Therefore, the ability of astrocytes to remove α-synuclein in PD may become impaired at high extracellular concentrations of the aggregate, resulting in the formation of α-synuclein inclusions in astrocytes and their activation (among other aberrations) which significantly contributes to pathology (191, 192).

As previously mentioned, the peripheral immune system is thought to be highly implicated in the development of preclinical nonmotor symptoms in PD –serum TNF-α levels were shown to be significantly correlated with prodromal symptom severity in PD patients (193). TNF-α and TNF-α receptor 1 serum levels are also elevated in patients with PD compared to healthy individuals (194, 195). The expression of genes associated with immunoregulation and leukocyte migration, notably LRRK2, are upregulated by peripheral monocytes in PD and may be correlated to disease severity in early stages (19, 196). Furthermore, α-synuclein deposits have been found in several peripheral tissues such as the cardiovascular system, GI tract, skin, and retina (197). Therefore, it is clear that systemic inflammation plays an integral part in PD etiology, even prior to BBB/BCSF disruption and particularly in the disease’s initial phase.

Consistent with other neurodegenerative disorders, reduced BBB integrity facilitates the entry of peripheral monocytes and lymphocytes into the CNS. Studies using post-mortem PD mouse brains have shown evidence of neurodegeneration resulting from infiltrating CD4+ and CD8+ T cells. Both CD4+ T cells and B lymphocytes are decreased in peripheral PD blood, however, B lymphocytes do not appear to invade the CNS or be significantly associated with pathogenesis (198–200). Chronic T cell infiltration can exacerbate microglial activation (201). Additionally, microglia may become “primed” in PD and aged brains, displaying high expression of MHC class II receptors and responding more aggressively to peripheral immune stimulation than healthy controls (202, 203). Transfer of activated Tregs provides neuroprotection in PD animal models, while T effector cells have been found to stimulate ROS secretion by microglia (204).

Finally, it is well established that dysregulation in the gut-brain axis contributes to PD onset and progression (27). Gut inflammation is common in patients who develop PD, and most individuals experience GI disturbances before motor symptoms appear (205, 206). The Braak theory proposes that PD may initiate in the GI tract and advance to the brain via the vagus nerve. Though this hypothesis is currently under investigation, an epidemiological study has found a decreased risk of developing PD to be associated with full truncal vagotomies (207). Therefore, when looking at the role of crosstalk in PD pathogenesis, future investigations must consider interplay between the central immune, peripheral immune, and gut-brain axis to develop comprehensive, immunomodulatory interventions.




Inflammation in Brain Cancer


Glioblastoma

Gliomas are the most common form of brain tumor, with glioblastoma multiforme (GBM) – grade IV astrocytoma – presenting as the most malignant and fatal manifestation (208). The tumor microenvironment (TME) in GBM plays a vital role in GBM malignancy and remains a significant barrier to treatment. Notably, this microenvironment consists of a heterogeneous population of immune cells, including microglia, macrophages, MDSCs, CD4+ T cells, CD8+ T cells, Tregs, NK cells, and dendritic cells, suggesting a strong immunological component of GBM, as seen in other cancers (208) (Figure 4).




Figure 4 | Central-peripheral immune crosstalk in glioblastoma. (1) Glioma-associated microglia/macrophages (GAMs) adopt M2 phenotypes and secrete pro-tumor, anti-inflammatory factors (i.e., IL-4, IL-10). (2) GAMs secrete chemokines (CCL2) to attract myeloid-derived suppressor cells (MDSCs; immature macrophages, granulocytes, dendritic cells, myeloid progenitors). (3) MDSCs secrete pro-tumor, anti-inflammatory cytokines (e., TGF-β, IL-10). (4) CD4+ T cells and Tregs further contribute to a pro-tumor, anti-inflammatory microenvironment, while CD8+ T cells contribute to an anti-tumor environment – the relative ratio of these cells is correlated to tumor grade. (5) Natural killer (NK) cells promote pro-inflammatory, anti-tumor GAM activation.



Of particular note, patient biopsies have revealed up to 30-50% of GBM tumor mass consists of glioma-associated microglia and macrophages (GAMs) (209), with higher numbers correlated to higher grade gliomas (210). Microglia, especially, are found in high numbers (30-40%) (209) and have been shown to adopt primarily M2 phenotypes, contributing to anti-inflammation/immunosuppression, and thus facilitating tumor growth (211). Tumor cells also appear to stimulate microglia mobility via upregulation of genes associated with migration and invasion capability (209). Additional immunosuppressive factors secreted by GAMs include IL-10, MMPs, and arginase-1 (ARG-1). Moreover, tumor cells and GAMs secrete chemokines (e.g., monocyte chemotactic protein-1; CCL2) capable of attracting MDSCs – immature macrophages, granulocytes, dendritic cells, and myeloid progenitors (212) – to the tumor site, where they can further promote tumor growth via release of anti-inflammatory cytokines (e.g., TGF-β, IL-10) (209). Disrupting this signaling from GAMs/microglia to other immune cells has received focus for therapeutic development (213, 214).

Infiltration of T cells into the tumor microenvironment also play a role in glioma outcomes. Particularly, the ratio of CD4+ to CD8+ T cells is highly correlated to glioma grading, with higher grade gliomas (i.e., GBM) having large numbers of CD4+ T cells (>93%) compared to CD8+ T cells in the TME (211, 215). In accordance with this finding, patient survival was observed to improve with higher CD8+ T cell counts, reflecting the potential of CD8+ T cells to attack tumor cells. These T cell population and activation states have been primarily attributed to the relatively high concentrations of anti-inflammatory cytokines (i.e., TGF-β, IL-10) secreted by tumor cells as well as GAMs, as described above (216). Tregs have also been found in the TME, though interestingly, their impact on prognosis has been debated. Several studies have corroborated the presence of Tregs in the TME and hypothesized that their immunosuppressive functions may contribute to glioma severity, which is supported by one study that found significantly higher Treg counts in GBM compared to lower grade gliomas (215); however, this and another study (216) did not conclude a difference in prognosis based on Treg counts, while a separate study did (217). Based on these differences, more research is needed to determine the importance of Tregs in GBM.

NK cells are also found in the tumor microenvironment and could potentially be able to attack and kill tumor cells. Indeed, glioma cells express natural killer group 2 member D (NKG2D) ligands, which bind to NKG2D receptors found on NK cells to initiate cytotoxic programs (i.e., pro-inflammatory cytokine and granule secretion (218). Despite this potential, high glioma expression of MHC class I molecules protects tumor cells from NK cytotoxicity (219). Genetic approaches such as overexpressing NKG2D ligands in tumor cells have been proposed to enhance endogenous NK cytotoxic functions to treat GBM (218). More recently, exogenous NK cell and antibody treatment has shown therapeutic potential (220). Most notably, perhaps, these results appear to be in large part due to crosstalk between NK cells and glioma-associated microglia and macrophages, converting the typical anti-inflammatory activation of these cells in the TME to a more pro-inflammatory activation capable of attacking GBM cells. This suggests that therapeutic approaches affecting immune crosstalk and multiple targets may be more successful than single-target approaches.




Discussion

Once thought to be immune-privileged, it is now commonly known that the CNS facilitates both innate and adaptive immune responses involving a wide variety of effector cells. More importantly, neuroinflammation continues to be recognized as an important contributor to many major pathological conditions, including stroke and traumatic brain injury, neurodegenerative diseases, and cancer. Given this important role for neuroinflammation, neuroimmune-targeted therapies are receiving significant interest to treat these conditions. Despite strong potential and some success in pre-clinical and early clinical trials in conditions including Alzheimer’s disease and stroke (221, 222), many similar trials have failed or are only in early stages, with a long way to go to determine therapeutic efficacy.

One potential explanation for the relative lack of successful therapeutics is the focus on neuroinflammation and CNS-resident cells and mechanisms. While important, there is now compelling evidence that the peripheral immune system plays a strong role in all of these conditions, as well, and successful therapeutics may need to target the interactions between the central and peripheral immune systems. As an example, a recent study demonstrated a requirement for monocyte infiltration to induce neurodegeneration in a model of Parkinson’s disease (223), suggesting targeting the recruitment of monocytes and peripheral immune cells may be more effective than microglia and traditional CNS targets. Also of note in Parkinson’s patients is gastrointestinal dysfunction, leading to a revelation that the gut–brain axis contributes to pathology both via direct alpha-synuclein trafficking, as well as interactions with gut microbiota (224). Importantly, gut microbiota is now known to affect both the central and peripheral immune systems, and is being increasingly linked to neuroinflammation as well as neurological and neurodegenerative conditions – highlighting an additional avenue for therapeutic development (225).

While many of these interactions are becoming better understood, their complexity poses additional considerations to develop effective therapeutics. A major consideration is the cause or effect or “chicken and egg” issue – simply, it is often unclear whether these immune processes are a cause of pathology or result of underlying pathology, and in many cases it appears to be both (226). This makes it difficult to determine key targets and introduces timing considerations. Better understanding of the order and timing of these interactions will better inform treatment strategies. Finally, multi-faceted approaches are likely needed for most of these conditions, which have myriad contributing factors, etiologies, and symptoms. Simple enhancement or blunting of inflammatory processes with traditional drugs (e.g., minocycline) are unlikely to be effective due to the complex interplay of immune cells and processes, calling for more specific, targeted therapies. For example, stimulating M2 activation of microglia while targeting neutrophil recruitment in stroke may serve to enhance reparative processes and protect the blood-brain barrier, leading to improved recovery rates. Alternatively, activating pro-inflammatory and cytotoxic programs in microglia and macrophages would likely be more beneficial for GBM treatment and could perhaps be achieved via modifying infiltrating NK cells – taking advantage of crosstalk mechanisms where traditional treatment has failed or been difficult to implement. Ultimately, similar strategies targeting immune crosstalk offer significant potential and improvement to treat neurological and neurodegenerative disorders for which effective therapeutics have mostly remained elusive.
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Dyskinesia is a serious complication of Parkinson’s disease during levodopa (L-DOPA) treatment. The pathophysiology of L-DOPA-induced dyskinesia (LID) is complex and not fully illuminated. At present, treatment of dyskinesia is quite limited. Recent studies demonstrated neuroinflammation plays an important role in development of LID. Thus, inhibition of neuroinflammation might open a new avenue for LID treatment. Resveratrol (RES) is the most well-known polyphenolic stilbenoid and verified to possess a large variety of biological activities. DA neurotoxicity was assessed via behavior test and DA neuronal quantification. The movement disorders of dyskinesia were detected by the abnormal involuntary movements scores analysis. Effects of RES on glial cells-elicited neuroinflammation were also explored. Data showed that RES attenuated dyskinesia induced by L-DOPA without affecting L-DOPA’s anti-parkinsonian effects. Furthermore, RES generated neuroprotection against long term treatment of L-DOPA-induced DA neuronal damage. Meanwhile, RES reduced protein expression of dyskinesia molecular markers, ΔFOS B and ERK, in the striatum. Also, there was a strong negative correlation between DA system damage and ΔFOS B level in the striatum. In addition, RES inhibited microglia and astroglia activation in substantia nigra and subsequent inflammatory responses in the striatum during L-DOPA treatment. RES alleviates dyskinesia induced by L-DOPA and these beneficial effects are closely associated with protection against DA neuronal damage and inhibition of glial cells-mediated neuroinflammatory reactions.
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Introduction

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disease in the world with an incidence of about 1%-2% (1, 2). The etiology of PD is closely related to environmental and genetic factors, which eventually leads to loss of dopamine (DA) neurons in the substantia nigra pars compacta (SNpc) and the subsequent DA neurotransmitter depletion in the striatum (3). Patients exhibit a range of clinical symptoms, such as slow movement, postural instability, resting tremor and muscle stiffness. DA replacement therapy based on levodopa (L-DOPA) is still a gold standard and widely used prescription therapy in clinic (4). L-DOPA mainly effectively improve the motor symptoms of PD. However, there is no evidence that L-DOPA therapy could prevent or delay the progression of DA neurodegeneration. Importantly, with the progression of the disease and the increase of cumulative L-DOPA exposure, patients tend to develop several severe drug side effects, such as dyskinesia (termed as L-DOPA-induced dyskinesia, LID) (5). Clinical symptoms of LID generally include chorea, dystonia and simple repetitive involuntary movement, which are one of the important causes of disability in patients with PD (6, 7).

The pathophysiology of LID is complex and not fully illuminated (8, 9). Studies indicated that intermittent administration of L-DOPA caused fluctuations in DA receptors in the striatum, leading to imbalance in glutamatergic, serotonergic and adrenergic system functions and signal transduction. In addition to neuronal mechanisms, non-neuronal mechanisms, such as glial cells-mediated neuroinflammation and angiogenesis, might contribute to the occurrence of LID (10, 11). Postmortem biochemical analysis presented the evidence of neuroinflammation in the brain of PD patients. A number of studies supported that repeated administration of L-DOPA aggravated neuroinflammation in the striatum (12, 13). Using compounds, such as Cannabidiol and Cannabinoid Compounds or Rho kinase inhibitor fasudil, that block different neuroinflammatory pathways could reduce dyskinesia movement disorders (14–16). In addition, endogenous anti-inflammatory agents, such as corticosterone, could apparently reduce the occurrence and development of LID. Also, IL-1β receptor antagonists attenuated LID via the decreased IL-1β production in the striatum (17). These investigations suggested that neuroinflammation was closely involved in the pathogenesis of LID.

To date, the only drug for the treatment of LID in PD patients is amantadine, a non-competitive antagonist of N-methyl-D-aspartate (NMDA) glutamate receptor. However, it could not be an ideal drug for long-term treatment of dyskinesia due to its tolerance and side effects (18). To find potential suitable alternatives for the treatment of dyskinesia is still an unmet clinical demand (19).

Resveratrol (trans-3, 4, 5-trihydroxystilbene, RES) is the most well-known polyphenolic stilbenoid, found in grapes, peanuts, mulberries and several other plants (20). RES has been verified to possess a large variety of biological activities, such as anti-oxidative, anti-aging, anti-inflammatory, anti-cancer and anti-microbial properties (21). The immunoregulatory role of RES was proposed almost 20 years ago. Thus, RES could play promising beneficial effects on the prevention of the progression of chronic diseases related to inflammation, such as cardiovascular diseases, diabetes and cancers (22–24). In addition, studies have shown that RES can cross blood-brain barrier (25), thus showing therapeutic potential in central nervous system (26). For example, RES (20 mg/kg) generated remarkable neuroprotective actions against neurodegenerative diseases in animal models (27–30). Moreover, studies have suggested that in PD animal models, RES conferred DA neuroprotection in substantia nigra via the activation of SIRT1 signaling (31). Although the underlying neuroprotective mechanism is not fully understood, it is closely associated with its anti-inflammatory and anti-oxidant properties (28).

Currently, DA neuronal loss is one of the pathological features of PD, which has been recognized to be an important risk factor for the development of LID (9). Based on the characteristics of neuroprotection and multi-acting targets of RES, role of RES on the pathogenesis of dyskinesia was explored in this study. Here, 6-hydroxydopamine (6-OHDA)-lesioned DA neuronal damage rat model was employed to investigate the activities of RES on L-DOPA’s therapeutic actions and side effects, such as LID, as well. Particularly, these findings might provide beneficial synergistic therapeutic avenues for PD.



Methods


Animals

Male Sprague-Dawley rats weighing 180-200 g were used. Rats were housed in a temperature (19-25°C) and humidity-controlled (40-70%) with a 12 h light/dark cycle and free access to autoclaved water and rat chow diet. All efforts were made to minimize their suffering. A total of 160 rats were randomly divided into 4 groups with 40 rats in each group, namely: 6-OHDA, 6-OHDA+RES, 6-OHDA+L-DOPA and 6-OHDA+L-DOPA +RES groups. Then, ten rats were sacrificed at each time point, in which 5 rats were applied for immunohistochemical staining and the other 5 rats were used for western blot analysis. All animal experiments were performed in accordance with National Institute of Health Guideline for the Animal Care and Use of Laboratory Animal and the protocols were approved by the institutional Animal Care and Use Committee at Zunyi Medical University (Zunyi, China).



6-OHDA Lesion and L-DOPA and RES Treatment

To create the 6-OHDA lesion, rats were anesthetized with sodium pentobarbital (60 mg/kg) and then immobilized in a stereotaxic frame to target the unilateral SNpc (coordinates AP-5.2, ML-2.1, DV-8.0) relative to bregma. A single 6-OHDA (5 μg/μL, diluted in normal saline containing 0.02% ascorbic acid; Sigma) solution was injected over 3 min with an infusion rate of 1 μL/min, followed by 3 min of equilibrium before retracting the needle. All rats were allowed to a 21-day recovery period before experiment start. Then, intraperitoneal injection of L-DOPA [L-DOPA methyl ester HCl (5 mg/kg) combined with benserazide HCl (2.5 mg/kg) diluted in 0.9% saline; Sigma] and intragastrical administration of RES (20 mg/kg, diluted in 0.1% carboxymethylcellulose sodium aqueous solution; Sigma) were performed daily.



Rotarod Test

The rotarod treadmills were made of a rotating spindle (7.6 cm diameter) and 4 individual compartments able to simultaneously test four rats. Before the experiment, rats were subjected to two days of adaptive training, and the speed was fixed at 12 rpm. In the formal test, the acceleration parameter was selected to be 4.0-40 rpm for the experiment. Each rat was tested 3 times with an interval of 30 min. Finally, the average stay time of 3 times in the rod of each rat was statistically analyzed.



Stepping Test

The stepping test was employed to measure rat forelimb akinesia. Rats with unilateral DA depletion of more than 80% performed poorly in this test (32). L-DOPA treatment could greatly improve this defect. Therefore, when adjuvant drugs were used in combination with L-DOPA, stepping test was also used to determine whether additional adjuvant drugs affected the efficacy of L-DOPA (33, 34). In detail, the stepping test was performed 30 min after L-DOPA treatment. The two forepaws were tested alternately and each forepaw was tested 3 times. Rats were held by the investigator immobilizing the hind legs with one hand and one forepaw not to be monitored with the other, so that the weight of rat fell completely on the test forelimb. Then, rats were moved across the table at a speed of 90 cm/5 s, during which an additional investigator recorded the number of adjustment steps. Data were presented as mean percent intact stepping, where the sum of the total steps with the lesioned forepaw was divided by the total steps with the unlesioned forepaw multiplied by 100. Lower percent intact scores indicated greater forelimb akinesia.



Assessment of Abnormal Involuntary Movements (AIMs)

L-DOPA induced AIMs scores were evaluated on 7, 21, 42 and 84 days after L-DOPA treatment. Dyskinesia behavior changes were assessed for 1min every 30-min interval over a 120-min period. The following three subtypes of AIMs: Axial, Limb and Orofacial AIMs scores were evaluated. Each subtype AIM was scored based on a frequency from 0 to 4 (0=absent, 1=intermittently present for 50% of the observation period, 2=intermittently present for > 50% of the observation period, 3=interruptable and present through the entire rating period, 4=uninterruptable and through the entire rating period). Through the AIMs test, the severity of dyskinesia in each rat was quantified. The total AIM scores were obtained by summing each AIMs subtype score from each 30-min observation period.



Western Blot Analysis

After animals were deeply anesthetized, brains were quickly dissected and separated on ice and the separated midbrain and striatum tissues were frozen at -80°C. The frozen tissue was homogenized with lysis buffer (including protease inhibitor and phosphate protease inhibitor) and cracked on ice. The supernatant was collected after centrifugation for 10 min at 4°C. Protein concentrations were detected by BCA assay kit. An equal of amount of protein for each sample was loaded onto an sodium dodecyl sulfate polyacrylamide electrophoresis gel (10%). Proteins separated by gel electrophoresis were electro-transferred onto a 0.45 mm polvinylidene difluoride membranes. The membranes were blocked with 5% skimmed milk, and then incubated with the following primary antibodies at 4°C overnight: rabbit anti-TH (1:2000; Proteintech), rabbit anti-IL-1β (1:1000; Proteintech), rabbit anti-TNF-α (1:1000; Proteintech), rabbit anti-COX-2 (1:1000; Abcam), rabbit anti-Inos (1:1000; Proteintech), rabbit anti-p-ERK (Thr202/204) (1:1000; Affinity), rabbit anti-ERK (1:1000; Proteintech), rabbit anti-ΔFOS B (1:1000; HuaAn Biotechology), rabbit anti-GAPDH (1:2000; Servivebio), rabbit anti-β-actin (1:2000; Servivebio). After washing, bound antibodies were detected with HRP-conjugated secondary anti-rabbit antibody (1:3000; Proteintech). The blots were developed with enhanced chemiluminescence antoradiography (ECL kit) and quantified with the software Quantity one.



Immunohistochemical Staining

Rats were perfused intracardially with PBS and subsequently fixed with 4% paraformaldehyde. After tissue was dehydrated and embedded in paraffin, a total of 5-μm section was cut and collected. Antigens were repaired via high temperature and pressure antigen repair using citrate buffer (pH=6). Tissue was cooled to room temperature and incubated in goat serum for 30 min, and incubated with the following primary antibodies at 4 overnight: rabbit anti-TH (1:500; Abcam), rabbit anti-IBA-1 (1:300; Abcam), rabbit anti-GFAP (1:500; Proteintech), rabbit anti-ΔFOS B (1:100; HuaAn Biotechology). For immunohistochemical staining, slides were incubated with biotinylated secondary antibody at 37°C for 15 min and visualized with avidin horseradish enzyme at 37°C for 20 min. Slices were visualized through DAB kit. For immunofluorescence staining, the second antibodies were anti-rabbit IgG Alexa Flour 488 (1:800; Abcam). Quantification of TH-positive neurons was performed through visually counting the number of TH-positive neuronal cell bodies blindly by two investigators. The images were recorded with a charge-coupled device camera and operated with the MetaMorph software. The results were obtained from the average. The mean value for the number of TH-positive neurons in substantia nigra was then deduced by averaging the counts of six sections for each rat.



Statistics

Data were expressed as mean ± standard error of the mean (SEM). Statistical significance was analyzed by one- or two-way analysis of variance (ANOVA) using GraphPad Prism software (GraphPad Software Inc., San Diego, CA, USA). When ANOVA showed significant difference, pairwise comparisons between means were analyzed by Bonferroni’s post hoc t-test with correction. A value of p<0.05 was considered statistically significant. In addition, the correlation between DA system damage and ΔFOS B level was tested by Pearson correlation analysis.




Results


RES Alleviated Dyskinesia Induced by L-DOPA

Rat Dyskinesia behavior dysfunction induced by L-DOPA was evaluated by AIM scores 7, 21, 42 and 84 days after L-DOPA application. As shown in Figure 1, L-DOPA aggravated the behavior dysfunction of axial, limb, orafacial and total AIM scores beginning from L-DOPA treatment for 7 days. However, RES attenuated L-DOPA-induced AIM scores aggravation from RES administration for 21 days.




Figure 1 | RES alleviated dyskinesia induced by L-DOPA. L-DOPA- induced behavior changes of axial (A), limb (B), orafacial (C) and total AIM scores (D) were evaluated 7, 21, 42 and 84 days after L-DOPA administration, respectively. Data were expressed as mean ± SEM from 10 rats. *P < 0.05 compared with 6-OHDA group; #P < 0.05 compared with 6-OHDA+L-DOPA group.





RES Didn’t Affect L-DOPA’s Anti-PD Efficacy

L-DOPA’s efficacy of anti-PD motor dysfunction was assessed by rotarod test. As shown in Figure 2A, compared with 6-OHDA group, L-DOPA attenuate 6-OHDA-induced decrease of the time rat stayed on rod from L-DOPA treatment for 7 days, while RES attenuated this motor dysfunction from RES treatment for 21 days. In addition, compared with L-DOPA or RES treatment, no further changes were shown in L-DOPA combined with RES treatment. On the other hand, to evaluate whether RES affected L-DOPA’s anti-PD efficacy, rat motor performance was analyzed by stepping test. As shown in Figure 2B, L-DOPA reversed 6-OHDA-induced stepping deficits from L-DOPA treatment for 7 days. Moreover, RES combined with L-DOPA preserved L-DOPA-generated this beneficial effect. These results showed that RES had no negative effects on the improvement of L-DOPA against PD motor dysfunction.




Figure 2 | RES didn’t affect L-DOPA’s anti-PD efficacy. The beneficial effects generated by co-treatment of RES with L-DOPA on 6-OHDA-induced rat behavior changes were analyzed by rotarod test (A). The time rat stayed on the rod was recorded. The effects of RES together with L-DOPA on forelimb stepping changes were determined via the stepping test to further evaluate whether RES affected L-DOPA’s efficacy (B). Data were expressed as mean ± SEM from 10 rats. *P < 0.05 compared with 6-OHDA group.





Effects of RES Combined With L-DOPA on 6-OHDA-Induced DA Neurotoxicity

Next, the effects of RES combined with L-DOPA on 6-OHDA-induced DA neuronal loss were investigated. As shown in Figures 3A, B, after 7 and 21 days of L-DOPA administration, there was no significant difference of DA neuronal number between the 6-OHDA group and the other groups. After 42 days of L-DOPA treatment, compare with the 6-OHDA group, L-DOPA caused more DA neuronal damage. However, RES exerted neuroprotection against L-DOPA-induced DA neuronal damage. Consistent with DA neurons quantification analysis, TH (DA neuron marker) protein expression detection also demonstrated that RES attenuated L-DOPA-induced DA neurotoxicity (Figure 3C). To investigate whether RES and L-DOPA affected DA neuronal survival on the unlesioned side of substantia nigra, the effects of L-DOPA and RES on contralateral unlesioned side was determined by TH-positive neuron quantification and TH protein expression detection. As shown in Supplemental Figure 1, no significant difference of TH-positive neuron number and TH protein expression in contralateral unlesioned side of substantia nigra among 6-OHDA, 6-OHDA+RES, 6-OHDA+RES+L-DOPA and 6-OHDA+RES+L-DOPA groups after 42 days of L-DOPA treatment was discerned.




Figure 3 | Effects of RES combined with L-DOPA on 6-OHDA-induced DA neurotoxicity. 7, 21 and 42 days after L-DOPA treatment, rats were sacrificed and brains were collected, respectively. DA neurons in substantia nigra were recognized and immunostained with an anti-TH antibody (A). The “ellipse” presented the area of substantia nigra. DA neuronal loss in substantia nigra was analyzed via the quantification of TH-positive neurons. U, unlesioned side; L, lesioned side. (B). Scale bar=100 µm. TH protein level was determined by western blotting (C). The densitometry values of TH were detected and normalized to β-actin of the same group. Then, data were normalized and calculated as a percentage of each respective 6-OHDA group. Data were expressed as mean ± SEM from 5 rats. *P < 0.05 compared with 6-OHDA group; #P < 0.05 compared with 6-OHDA+L-DOPA group.





RES Reduced the Protein Expression of Dyskinesia Molecular Markers ΔFOS B and p-ERK in Rat Striatum

After 42 days of L-DOPA administration, the effects of L-DOPA or RES on protein expression of ΔFOS B, phosphorylated-ERK (p-ERK) and total ERK in the ipsilateral striatum of rats were detected. As shown in Figure 4A, compared with 6-OHDA group, L-DOPA increased the protein expression of ΔFOS B and p-ERK, which was reduced by RES treatment. Then, analysis of the correlation between DA neuronal damage and ΔFOS B level in the striatum of rats with LID was performed. First, the expression of ΔFOS B and TH (DA projection fiber) in the striatum of rats were measured. As shown in Figures 4B–D, compared with 6-OHDA group, L-DOPA decreased TH expression and increased ΔFOS B expression in the striatum. After RES treatment, RES reversed L-DOPA-induced changes of TH and ΔFOS B. Then, the correlation between TH and ΔFOS B level during LID was further analyzed. As shown in Figure 4E, there was a strong negative correlation between DA neuronal damage and ΔFOS B level in the striatum.




Figure 4 | Analysis of the correlation between DA neuronal damage and dyskinesia marker ΔFOS B level in the striatum of rats with LID. After 42 days of L-DOPA treatment, the expression levels of ΔFOS B, phosphorylated-ERK (p-ERK) and ERK proteins in the striatum of rats were analyzed by western blotting. The densitometry values of TH, phosphorylated ERK (p-ERK) and ERK were detected and normalized to GAPDH of the same group. Then, data were normalized and calculated as a percentage of each respective 6-OHDA group (A). Next, the expression of TH from DA projection fiber and ΔFOS B in the striatum of rats were detected by immunohistochemistry staining (B). Area of TH-positive expression was measured (C). ΔFOS B-positive cell number was quantified (D). The correlation between the expression of TH and ΔFOS B was analyzed (E). Data were expressed as mean ± SEM from 5 rats. *P < 0.05 compared with 6-OHDA group; #P < 0.05 compared with 6-OHDA+L-DOPA group.





RES Inhibited Neuroinflammatory Reactions Induced by L-DOPA

Since neuroinflammation was considered to be one of the important causes of LID, the role of glial cells-mediated neuroinflammation in RES-attenuated LID was explored. As shown in Figure 5, compared with 6-OHDA group, L-DOPA induced microglia (IBA-1) and astroglia (GFAP) activation in the substantia nigra from L-DOPA treatment for 21 days. However, RES inhibited L-DOPA-induced glial cells activation. To further confirm the inactivation of glial cells mediated by RES, the effects of RES on glial cells-elicited inflammatory responses in the striatum were determined. As shown in Figure 6A, similar results were present that RES suppressed microglia and astroglia activation induced by L-DOPA in the striatum. Furtherly, the protein expression of pro-inflammatory mediators in rat striatum were detected. As shown in Figure 6B, L-DOPA increased TNF-α, COX-2, iNOS and IL-1β protein expressions, which could be reduced by RES treatment.




Figure 5 | Effects of RES on activation of glial cells in substantia nigra of rats with LID. Rat brains were sectioned and microglia and astroglia were immunostained with anti-GFAP and IBA-1 antibodies 7, 21, and 42 days after L-DOPA administration, respectively. The number analysis of IBA-1-positive microglia and GFAP-positive astroglia in substantia nigra from 3 evenly spaced brain sections of each rat was performed.Data were expressed as mean ± SEM from 5 rats and calculated as percentage of 6-OHDA values. *P < 0.05 compared with 6-OHDA group; #P < 0.05 compared with 6-OHDA+L-DOPA group.






Figure 6 | Effects of RES on inflammatory responses in the striatum of rats with LID. Rat striatum tissue were sectioned and immunostained with anti-GFAP and IBA-1 antibodies 42 days after L-DOPA administration. The number analysis of IBA-1-positive microglia and GFAP-positive astroglia in the striatum from 3 evenly spaced brain sections of each rat was determined (A). The protein levels of pro-inflammatory mediators, such as TNF-α, iNOS, COX-2 and IL-1β, in the striatum 42 days after L-DOPA administration were detected by western blot assay (B). The densitometry values of TNF-α, iNOS, COX-2 and IL-1β were detected and normalized to GAPDH of the same group. Then, data were normalized and calculated as a percentage of each respective 6-OHDA group. Data were expressed as mean ± SEM from 5 rats. *P < 0.05 compared with 6-OHDA group; #P < 0.05 compared with 6-OHDA+L-DOPA group.






Discussion

The purpose of this study was to determine whether the “multi-target drug” RES alleviated dyskinesia induced by L-DOPA. Results clearly indicated RES attenuated LID without affecting L-DOPA’s anti-parkinsonian effects. Furthermore, RES generated neuroprotection against long term treatment of L-DOPA-induced DA neuronal damage. Meanwhile, RES reduced the protein expression of dyskinesia molecular markers, ΔFOS B and ERK, in the striatum. Also, there was a strong negative correlation between DA system damage and ΔFOS B level in the striatum. In addition, RES inhibited microglia and astroglia activation in substantia nigra and subsequent inflammatory responses in the striatum during L-DOPA-treated PD. Collectively, these results suggested that RES attenuated LID through protection against DA neuronal damage and inhibition of glial cells-mediated neuroinflammatory reactions.

Nowadays, clinical studies indicated that the course of PD was a risk factor for the onset of dyskinesia (35), and the loss of DA neurons might be directly related to the severity of LID. Moreover, the rapid increase of exogenous DA caused by L-DOPA administration and the volatile stimulation of DA receptor was an important cause of dyskinesia. The remaining DA neurons in PD were an important source of endogenous DA. With the aggravation of the course of PD and the increase of the loss of DA neurons, endogenous DA was not sufficient to cushion the fluctuation of neurotransmitters caused by exogenous DA. In addition, L-DOPA could produce cytotoxic reactive oxygen species through oxidative metabolism of DA or autoxidation (36). Long-term administration of L-DOPA in 6-OHDA-damaged rats might lead to the accumulation and metabolism of extracellular DA in the striatum, which could magnify the pre-existing oxidative and pro-inflammatory environment, thus promoting the process of DA neurodegeneration. Until now, the neuroprotective effects of RES have been widely proved. In this study, it has been proved that RES protected DA neurons from L-DOPA-induced neurotoxicity. At the same time, the correlation analysis of striatal DA projecting fibers and ΔFOS B demonstrated that the loss of DA neurons was directly related to the severity of LID.

At present, the pathogenesis of LID is very complicated. As mentioned earlier, the decrease of DA projecting fibers in the striatum of PD led to rapid changes in the concentration of DA neurotransmitters after L-DOPA treatment, resulting in changes in the conduction function of basal ganglia. A number of studies showed that the increased activity of D1R led to changes in a series of downstream molecular levels, such as phosphorylation of cyclic adenosine monophosphate phosphorylated protein-32 (DARPP-32) (37), ERK1/2 and increased expression of early gene proteins, such as ΔFOS B (38, 39). Here, this study exhibited that RES could reduce the expression of representative molecules, such as ERK and ΔFOS B protein, to ameliorate LID.

Although neuroinflammation is verified to contribute to the pathogenesis of PD, recent studies have confirmed that neuroinflammation also plays an important role in LID (10). The role of neuroinflammation in LID is mainly mediated by glial cells and cytokines. Also, the effects of different administration of L-DOPA on dyskinesia and neuroinflammation were compared. Evidence indicated that there was no dyskinesia or inflammation in the continuous L-DOPA administration group, while intermittent L-DOPA treatment could lead to dyskinesia, glial cells activation and up-regulation of inflammatory factors in the striatum (40). Furthermore, intermittent L-DOPA administration pretreated with LPS aggravated the severity of neuroinflammation and dyskinesia in rats (40). These findings suggested that the inflammatory state in the striatum was closely related to the severity of dyskinesia. Additionally, microglia activation is an important manifestation of neuroinflammation and participates in the secretion of a variety of pro-inflammatory factors. For example, TNF-α was one of the most representative inflammatory factors. Existing studies demonstrated that TNF-α might be involved in the occurrence and development of LID through the following pathways: 1) TNF-α could activate a variety of intracellular signal transduction pathways, including NF-κB and MAPK signal pathway (41, 42), and further aggravated neuroinflammation; 2) TNF-α stimulated the release of glutamate from microglia and increased the extracellular concentration of excitatory neurotransmitter glutamate in the striatum (43); 3) Since angiogenesis was considered to be a risk factor for dyskinesia (13), reducing the expression of TNF-α inhibited angiogenesis to further attenuate dyskinesia (44). Emerging evidence indicated that the increased expression of various pro-inflammatory factors in the striatum of rats with dyskinesia and the decrease of inflammatory mediators, such as TNF-α (13), COX-2 (38, 45), IL-1β (17) and iNOS (12, 46), could reduce the severity of LID. On the other hand, the activation of astroglia is also closely associated with the occurrence of LID. First, astroglia are well-known to uptake and release L-DOPA (47, 48), and convert L-DOPA into DA (49), indicating that astroglia might be an important source of exogenous DA in the striatum. Second, monoamine oxidase in astroglia metabolizes DA, to produce toxic reactive oxygen species and DA metabolites (50). These products could further activate microglia and promote the secretion of pro-inflammatory factors in microglia. Besides, in animal models of PD, vascular endothelial growth factor mainly expressed in astroglia is recognized to be involved in the pathophysiology of LID (11). In this study, L-DOPA induced microglia and astroglia activation from L-DOPA treatment for 21 days. Similar phenomenon was exhibited that L-DOPA induced microglia activation and subsequent neuroinflammatory reactions in rat model after L-DOPA treatment for 36 days (51). However, current studies also demonstrated that L-DOPA reduced glial cells activation and neuroinflammatory responses (52). Thus, the mechanisms underlying the role of glial cells-mediated neuroinflammation on L-DOPA-treated PD were a quite interesting area to be worth further investigation. On the other hand, combined with L-DOPA administration, RES suppressed microglia and astroglia activation-mediated neuroinflammatory responses during LID. These data suggested that inhibition of neuroinflammation participate in RES-alleviated dyskinesia induced by L-DOPA.

Taken together, this study revealed the role of anti-inflammatory therapy on improving the occurrence of dyskinesia upon L-DOPA treatment. Results demonstrated that RES combined with L-DOPA could reduce further loss of DA neurons and attenuated the severity of LID. However, this study only focuses on the therapeutic effect of RES on dyskinesia induced by L-DOPA. Next, to further investigate whether anti-dyskinetic effects of RES are reversible after withdrawal or prior to L-DOPA warrants future investigation (53).



Conclusions

RES alleviated dyskinesia induced by L-DOPA and these beneficial effects were closely associated with protection of DA neuronal damage and inhibition of glial cells-mediated neuroinflammatory responses.
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Supplementary Figure 1 | Effects of RES and L-DOPA on DA neuronal survival in the unlesioned side of substantia nigra. After 42 days of L-DOPA treatment, rats were sacrificed and brains were collected, respectively. DA neurons in substantia nigra were recognized and immunostained with an anti-TH antibody. DA neuronal survival in the unlesioned side of substantia nigra was analyzed via the quantification of TH-positive neurons (A) and the expression of TH protein (B). Scale bar=100 µm. The densitometry values of TH protein were detected and normalized to GAPDH of the same group. Then, data were normalized and calculated as a percentage of each respective 6-OHDA group. Data were expressed as mean ± SEM from 5 rats.
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Autophagy is a proposed route of amyloid-β (Aβ) clearance by microglia that is halted in Alzheimer’s Disease (AD), though mechanisms underlying this dysfunction remain elusive. Here, primary microglia from adult AD (5xFAD) mice were utilized to demonstrate that 5xFAD microglia fail to degrade Aβ and express low levels of autophagy cargo receptor NBR1. In 5xFAD mouse brains, we show for the first time that AD microglia express elevated levels of microRNA cluster Mirc1/Mir17-92a, which is known to downregulate autophagy proteins. By in situ hybridization in post-mortem AD human tissue sections, we observed that the Mirc1/Mir17-92a cluster member miR-17 is also elevated in human AD microglia, specifically in the vicinity of Aβ deposits, compared to non-disease controls. We show that NBR1 expression is negatively correlated with expression of miR-17 in human AD microglia via immunohistopathologic staining in human AD brain tissue sections. We demonstrate in healthy microglia that autophagy cargo receptor NBR1 is required for Aβ degradation. Inhibiting elevated miR-17 in 5xFAD mouse microglia improves Aβ degradation, autophagy, and NBR1 puncta formation in vitro and improves NBR1 expression in vivo. These findings offer a mechanism behind dysfunctional autophagy in AD microglia which may be useful for therapeutic interventions aiming to improve autophagy function in AD.
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Introduction

Alzheimer’s disease (AD) is the most common form of dementia worldwide and is characterized by chronic and irreversible neuronal degradation downstream of complex pathophysiological processes (1). One hallmark of AD is the presence of plaques primarily composed of insoluble amyloid-β (Aβ). Aβ accumulates in AD in a variety of forms, including soluble, oligomeric and fibrillar (2). The rate of Aβ clearance in healthy individuals is comparable to the rate of production (3). Accumulation of Aβ in the brain is a predisposing factor contributing to AD pathobiology usually preceding Tau tangle pathology (4). This strongly suggests that improving Aβ clearance is needed at early stages of the disease. To do so, a better understanding of the underlying defect is urgently required.

Microglia, brain resident immune cells, maintain tissue homeostasis by phagocytosis of dead cells, debris and toxic material such as extracellular Aβ (5). Microglia can participate in Aβ clearance by releasing enzymes that degrade Aβ in the extracellular space or by phagocytosing Aβ and degrading Aβ intracellularly within lysosomal compartments (6–8). Despite the capacity of healthy microglia to clear different forms of Aβ, reports suggest that AD microglia do not efficiently perform this function throughout AD (8–10). One proposed mechanism of Aβ degradation by microglia after internalization is autophagy (11–13). Autophagy is a conserved homeostatic cellular process for the degradation of extracellular and intracellular materials (14). Typically, extracellular materials destined for autophagy are phagocytosed by immune cells and marked by “eat me” signals, including poly-ubiquitin (14). Then, autophagy receptors such as p62/SQSTM1, NDP52, OPTN (optineurin), or NBR1 (neighbor of BRCA1 gene 1) bind to the ubiquitinated cargo and recruit LC3, bringing the nascent autophagosome (14, 15). Cargo-carrying autophagosomes mature and fuse with lysosomes where degradation of the autophago-lysosome-enclosed material occurs (14). The implication of dysfunctional autophagy in AD pathogenesis and Aβ degradation have been investigated but studies mainly focused on neuronal cells (16, 17). Few studies have shown that dysfunctional autophagy has significant consequences in AD microglia, including failure to regulate harmful neuroinflammation (17, 18). Emerging reports described a role for autophagy-mediated degradation of Aβ in AD, yet these studies were performed in cell lines or neonatal microglia, but not in diseased adult AD microglia and underlying mechanisms for dysfunctional autophagy in AD were not offered (11–13). Prolonged exposure to Aβ has been shown to disrupt autophagy in microglia, however, underlying cellular changes in response to Aβ leading to this disruption also remain unknown (19).

MicroRNAs (MiRs) are implicated in autophagy regulation (20) and AD progression (21), though there is no evidence of MiRs regulating autophagy in AD microglia. MiRs are evolutionarily conserved noncoding RNAs which mediate post-transcriptional gene silencing by binding to the 3’-untranslated region (UTR) or open reading frame (ORF) region of target mRNAs (22). Considering the strong implication of MiRs in both AD pathogenesis (21, 23) and autophagy function (20) and given the lack of evidence linking these two fundamental processes, we searched for MiRs that regulate autophagy whose expression is altered in AD. Members of the Mirc1/Mir17-92 MiR cluster are known to target essential autophagy molecules (24). Diminished expression of an individual autophagy protein targeted by elevated MiRs can halt autophagic function which will not be recovered by expression of other autophagy proteins (24). The Mirc1/Mir17-92 cluster, represented by miR-17-5p, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92a-1, is conserved among vertebrates and associated with roles in cell cycle, tumorigenesis, and aging (25).

In this study we investigate the role of the Mirc1/Mir17-92 cluster in AD. We find that expression of the cluster increases specifically in microglia of AD mouse model (5xFAD) mice as they age. This upregulation is more prominent in the brains of AD human patients, when comparing with non-AD age- and sex-matched counterparts. Notably, expression of miR-17-5p (miR-17) is elevated in microglia adjacent to Aβ deposits but not in microglia away from deposits in the same human brain tissue sample. In addition, increased expression of miR-17 correlates with reduced expression of target autophagy cargo receptor NBR1, which we demonstrate is needed for efficient Aβ degradation. Further, elevation of cluster component miR-17 is largely responsible for defective clearance of Aβ by AD microglia, as inhibiting miR-17 alone improves degradation of Aβ, autophagy and NBR1 puncta formation in vitro and restores expression of NBR1 in microglia in vivo. Our study advances our understanding of the role of microglial autophagy in the clearance of Aβ and provides a mechanistic basis for dysfunctional autophagy in AD microglia in human and mice.



Materials and Methods


Human Samples From NIH Biobank

Human temporal lobe brain tissue sections (Brodmann area 38) from patients with AD and age-matched controls without dementia were obtained from the NIH biobank in accordance with our institution’s IRB. These snap-frozen tissue samples were used for all TRIzol homogenization, RT-qPCR and immunoblot analysis. Range of hours until freeze, age, and sex are in Supplemental Table 1. The presence of Aβ deposits within homogenized samples is shown in Supplemental Figure 2B. Equal number of samples (n=15) for AD and age- and sex-matched non-AD controls were analyzed in determining MiR expression (Figure 5A) and (n=10) total brain homogenate NBR1 and Aβ burden (Supplementary Figure 2). Results were similar when data analysis was segregated by sex (data not shown). AD (BRAAK III or IV) and age-matched control hippocampal tissue sections utilized for in situ hybridization (ISH) and immunohistochemical analysis were obtained from the Discovery Life Science (DLS) tissue bank by G. Nuovo (26). Analysis of NBR1 in different cell types was performed in 3 AD and 3 control samples (Figure 3A). Analysis of NBR1 in different AD brain regions was performed in Aβ-negative and Aβ-positive regions from 3 unique patient samples (Figure 3C). Analysis of miR-17 and Aβ was performed in 4 AD and 4 control samples, or Aβ-negative and Aβ-positive regions from 4 unique patient samples (Figures 5B–E). Analysis of NBR1 with either TMEM (microglia) or neurons (pyruvate dehydrogenase) was performed in 3 unique AD patients in Aβ-positive regions (Figures 5F, G). Correlation analyses of miR-17 and NBR1 in Figure 7 were performed on 4 patients for AD and 4 patients for non-AD.



Mice

C57BL/6 wild-type (WT) mice, 5xFAD mice and non-carrier controls (MMRRC stock #34840) were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). The 5xFAD (AD) (B6SJL-Tg (APPSwFlLon, PSEN1* M146L* L286V) 6799Vas/Mmjax) mouse is a double transgenic APP/PS1 mouse model that co-expresses five AD mutations leading to accelerated plaque formation and increased Aβ42 production. This AD mouse model over-expresses APP with K670N/M671L (Swedish Mutation), I716V (Florida mutation), and V717I (London mutation), PS1 with M146L and L286V mutations. These mice accumulate high levels of intra-neuronal Aβ-42 around 1.5 months of age with amyloid deposition around 2 months (27, 28). The adult Atg5-/- mice were obtained from Herbert W. Virgin from Washington University with permission of Noboru Mizushima (29). All animal experiments were performed according to protocols approved by the Animal Care and Use Committee (IACUC) of the Ohio State University College of Medicine.



Perfusion of Mice

Mice were anesthetized using ketamine/xylazine mixture and perfused as described before (30). Briefly, heart was surgically exposed, and a perfusion needle was inserted directly into the left ventricle. Perfusion needle was secured in the left ventricle by using a hemostat surgical clamp. An incision was made in the right atrium to create an open circulation. First, heparinized sterile PBS was injected to flush the blood out of the circulation. This was followed by the injection of 4% paraformaldehyde (PFA) fixative solution (30). The brains were dissected and then underwent post-perfusion fixation overnight at 4°C in 4% PFA. Brains were then transferred to 30% sucrose (w/v)-PBS. Brains were embedded in Optimal cutting temperature compound (OCT) and sectioned using a cryostat. Cryosections of 15-20 microns thickness were mounted on glass slides.



Immunohistochemistry (IHC) for Mouse Tissues

Immunofluorescence (IF) staining of mouse brain sections was performed as previously described (31). Slides were washed 3 times for 15min with PBS to remove residual OCT. The sections were then incubated in the blocking solution (PBS containing 10% donkey serum (cat no: S30-100ml, Millipore Sigma), 2% BSA (Fisher Scientific, BP1600-100) and 0.3% Triton X-100 (Fisher Scientific, BP151-100) for 2h at room temperature (RT). Sections were then transferred to blocking solution containing the primary antibodies (NBR1 (proteintech, 16004-1-AP), IBA1 (Novus Biologicals, NB100-1028), and incubated overnight at 4°C. After that, sections were washed with PBS 3 times for 15min each. Then, they were incubated with the blocking solution containing the secondary antibody Donkey anti-Rabbit IgG (ThermoFisher Scientific, A32790), Donkey anti-Goat IgG (cat. no: A-11058, ThermoFisher Scientific) for 2h at RT. DAPI (Fisher Scientific, D1306) was added on the top of the antibody solution in the last 15min of the incubation period at a final concentration (5ug/ml). Finally, sections were washed with PBS 3 times for 15min. Antifade mounting media (ThermoFisher Scientific, P36934) was added before cover-slipped.



Confocal Imaging of Mouse Tissue Sections and Imaris Analysis

Fluorescent images were captured on Olympus FV3000 inverted microscope with a motorized stage using 60x/1.4 NA oil objective. Images were taken at z-sections of 0.5μm intervals by using the 488nm, 543nm, and 405nm (for DAPI) lasers. Image reconstructions of z-stacks were generated in Imaris software (Bitplane, Inc.). Volume of NBR1 was analyzed using surface functions and masking tools as described before (32, 33). The measurement of volume was used to evaluate the amount of the target protein in 3D images. Briefly, IBA1 and NBR1 were 3D reconstructed using the Imaris surface function. Surface masking tool was used to create a new channel of NBR1 only confined to the IBA1 positive microglia. Surface function was used for the 3D reconstruction of the microglia NBR1 from the newly created channel. Subsequently, volume statistics were extracted from the 3D reconstructed surfaces. Staining and imaging were performed on 3 brains isolated from 5xFAD mice and 3 brains of age- and sex-matched WT littermates.



Immunohistochemistry (IHC) and In Situ Hybridization (ISH) of Human Tissues

The human brain tissues were equally divided between the hippo- campus and frontal or parietal cortex. All samples were de-identified from the patient’s name, hospital where autopsy was performed, and date of birth (though birth year was maintained). The formalin fixed, paraffin embedded tissues was prepared as per standard operating procedures (entire brain fixed for two weeks, then 1 cm sections embedded in formalin). The tissue was sectioned at DLS: 4-micron sections were placed onto sequentially labeled PLUS slides, baked at 60°C for 30min, then stored in a light tight box at RT. In situ hybridization (ISH) was done using the Leica Bond Max automated platform (Leica, Buffalo Grove, IL) with the modification of substituting the Polyview polymer-peroxidase conjugate from Enzo Life Sciences (Farmingdale, NY) (26). IHC was performed for NBR1, TMEM-19, GFAP and Pyruvate dehydrogenase. The tissues were also tested for Aβ(1-42) after protease digestion (proteinase K solution, Enzo Life Sciences) for 4min at RT. Each antibody was from abcam and used at a dilution of 1:700.



Human Brain Section Imaging and Analysis

The imaging microscope was from Ventana Biosystems and was a Zeiss Axio Imager M1. Co-expression analyses were done using the Nuance/InForm software (Perkin Elmer) whereby each chromogenic signal is separated, converted to a fluorescence-based signal, then mixed to determine what percentage of cells were expressing the two proteins of interest as previously described. The number of positive cells/200X field was counted with the InForm software or manually. Manual and InForm computer-based counts were found to be equivalent.



Aβ Peptides and Fibrillization

Aβ peptides in powder form (Anaspec) were initially resuspended in 1% NH4OH for 15min to dissolve any pre-formed aggregates per manufacturer instructions, and then diluted to a final concentration of 0.05% NH4OH in water prior to fibrillization. Aβ peptides were converted to the fibrillar form of Aβ by incubating monomeric human Aβ(1-42) (cat. no: AS-20276) or human Hilyte Fluor 555 labeled Aβ(1-42) (cat. no: AS-60480-01) at 220μM in water at 37°C for 3days prior to use as previously described (34). Hilyte Fluor is more photostable than the classic fluorescent dyes. They are also highly fluorescent over a broad pH range with little pH sensitivity (Anaspec). Treatment with 1µM Aβ was completed in serum free media for 1h before washing away excess Aβ and adding full media.



Microglial Isolation and Culture

Microglia were isolated by MACS neural dissociation kit (Miltenyi Biotec, 130-107-677) followed by CD11b magnetic bead (Miltenyi Biotec, 130-093-634) isolation technique to positively select for microglia expressing the pan-microglial marker CD11b as has been described before (35). For experiments evaluating 5xFAD microglia in culture, microglia were isolated from adult mice between 4-6-months-old and age- and sex-matched WT littermate mice. For experiments evaluating WT and Atg5-/- mice, microglia were isolated from 2-3-month-old mice. Genotypes were age- and sex-matched. For experiments using WT mice, brains from 2 mice were combined as one biologic replicate. For experiments using AD mice, one brain was sufficient per biologic replicate. Experiments with microglia in culture were performed on 3 or 4 unique biologic replicates as indicated. Experiments were performed using both female and male mice. No trends in the data were observed based on sex. Microglia were then cultured on either 24-well plates with pre-coated cover slips with 0.005% Poly-L-lysine (Sigma, P4707) at 2x105 microglia per coverslip. Microglia were cultured in IMDM media (ThermoFisher Scientific, 12440053) supplemented with 10% of heat inactivated fetal bovine serum (FBS) (ThermoFisher Scientific, 16000044), 50% L cell-conditioned media, 0.6x MEM Non-Essential Amino Acids (ThermoFisher Scientific, 11140050) and 0.1% penicillin and streptomycin (Thermo Fisher Scientific, 15140122).



Fluorescent Aβ(1-42)-555 Degradation Assay and Image Analysis

Primary microglia were plated at 2x105 cells per well on glass coverslips. Two wells from the same biological replicate were treated with 1μM Hilyte Fluor 555 labeled fibrillar Aβ (1-42) for 1h in serum free media. Un-internalized Aβ (1-42) was removed by rinsing with warm full media. One coverslip was fixed with 4% PFA after an additional 2h. The other well was incubated for 48h prior to PFA fixation. Prior to fixation, cells were stained with Hoechst 33342 for 10min (ThermoFisher Scientific, 62249). Images were acquired by confocal microscopy and analyzed for volume of Aβ(1-42)-555 and number of cells by Imaris software. Volume of Fluor Aβ was normalized to the number of cells for each time point (Degradation % = [(Volume Aβ at 3h/cell number – Volume Aβ at 48h/cell number)/(Volume Aβ at 3h/ cell number)]×100). Fluorescent images were captured on Olympus FV3000 inverted microscope with a motorized stage using 10x objective. Images were acquired at z-sections by using 543nm, and 405nm (for DAPI) lasers. Imaris software was used to generate projection images and for analysis. Volume of Fluor Aβ(1-42)-555 was calculated using surface function. Background subtraction function was also used to enhance IF Signal-To-Noise-Ratios (32, 33). Number of cells was counted using spots function in the DAPI channel.



Down-Regulation of miR-17 in Primary Microglia

50nM miRNA inhibitor to miR-17-5p (antagomir17) (ThermoFisher Scientific, 4464084), or negative inhibitor control (ThermoFisher Scientific, 4464079) were transfected into microglia utilizing the Hiperfect transfection system (Qiagen, 301704) in full media according to the manufacturer’s instructions for 48h prior to performing treating with Aβ.



LC3 and NBR1 Immunofluorescence of Primary Microglia and Image Analysis

Primary microglia were plated at 2x105 cells per well on glass coverslips overnight. Microglia from 5xFAD mice were treated with antagomir-17 or negative control as described where indicated. The cells were washed once with warm media and then the assigned wells were treated with 1μM Hilyte Fluor 555 labeled fibrillar Aβ (1-42) for 1h prior to washing all the wells 3 times with warm media. The cells were then fixed with 4% PFA either after 2, 4, 6h as indicated for 20min before washing 3 times with PBS. The fixed cells were permeabilized and blocked by incubating in blocking solution (PBS containing 10% donkey serum, 2% BSA and 0.3% Triton X-100) for 2h at RT. They were then transferred to blocking solution containing the primary antibody LC3 (Cell Signaling Technology, 12741) or NBR1 (Proteintech, 16004-1-AP) and incubated overnight at 4°C followed by PBS wash 3 times. The cells were then incubated with the blocking solution containing the secondary antibody goat anti-Rabbit IgG (Thermofisher scientific, A11008) for 2h at RT. Cell nuclei were stained with 5ug/ml DAPI. Antifade mounting media was added before cover-slipped. The Images were taken at z-sections (12 images per cover slip for LC3 and 10 per coverslip for NBR1) of 1μm intervals by using the 488nm, 543nm, and 405nm (for DAPI) lasers. Image reconstructions of z-stacks were generated in Imaris software (Bitplane, Inc.). For LC3 quantification, LC3 volume was analyzed using surface function as described before (32, 33). The measurement of volume was used to evaluate the amount of the target protein in 3D images. For NBR1 positive cells quantification, microglia that express 3 or more NBR1 puncta was manually counted in a blinded manner. Cells were considered positive for NBR1 puncta if they met the selected threshold of 3 puncta. Assigning an appropriate threshold for counting puncta for autophagy studies is discussed in the guidelines for monitoring autophagy report (36).



Aβ Degradation in HMC3 Microglia

Human microglia cell line (HMC3) was purchased from ATCC (CRL-3304) and cultured in MEM (ThermoFisher scientific, 11995040), supplemented with 10% FBS. Cells were plated at 1x105 cells per well in 12 well plate. Transfection was performed in Opti-MEM media (Gibco, 31985070) with NBR1 sirna (Dharmacon, LQ-062130-01-0005) or its non-targeting negative control next day for 24h before treatment with 1µM fibrillar Aβ (1-42) for 1h. Then, the cells were washed 3 times with PBS, and media was replaced. Cells were lysed at 4 and 24h with TRIzol. Protein extraction and immunoblotting for Aβ were performed to assess the course of Aβ degradation.



Immunoblot

Protein extraction was performed using TRIzol reagent (Invitrogen Life Technologies, 15596026) according to the manufacturer’s instructions. Briefly, after phase separation using chloroform, 100% ethanol was added to the interphase/phenol- chloroform layer to precipitate genomic DNA. Subsequently, the phenol-ethanol supernatant was mixed with isopropanol to isolate proteins. The Bradford method was used to determine protein concentrations. Equal amounts of protein were separated by 13.5% SDS-PAGE and transferred to a polyvinylidene fluoride (PVDF) membrane. Membranes were incubated overnight with antibodies against mouse NBR1 (Cell Signaling Technology, 9891S), human NBR1 (Proteintech, 16004-1-AP), human beta-amyloid (Cell signaling technology, 8243S), ATG5 (Cell Signaling Technology, 12994S), ATG7 (Cell Signaling Technology, 8558S), Beclin 1 (Cell Signaling Technology, 3495S) and GAPDH (Cell Signaling Technology, 2118). Corresponding secondary antibodies conjugated with horseradish peroxidase and in combination with enhanced chemiluminescence reagent (Amersham, RPN2209) were used to visualize protein bands.



Quantitative Real-Time PCR (RT-qPCR) for Expression of MiRs and Autophagy Genes

Total RNA was isolated from cells that were lysed in TRIzol. Chloroform (cat no: 268320010, Fisher Scientific), isopropanol (cat no: BP2618212, Fisher Scientific), and glycogen (cat no: 10814010, Fisher Scientific) were used to isolate total microglia RNA and its concentration was measured by Nanodrop. The expression of different MiRs and autophagy genes was determined as previously described and expressed as relative copy numbers (RCN) (37). Ct values of each gene or MiR were subtracted from the average Ct of the internal control. The resulting ΔCt was used in the equation: RCN= (2-ΔCt).



Intracisternal Magna (ICM) Injection of Antagomir-17

To determine the impact of blocking action of miR-17, mice received an infusion of antagomir-17 (mirVana miRNA inhibitor; 4464088, Thermofisher) or non-targeting control (4464077) into the cisterna magna (ICM) as described previously (38, 39). Four mice were injected with non-targeting control (3 males and 1 female) and 3 mice were injected with antagomir-17 (2 males and 1 female). The inhibitor and non-targeting control was prepared for in vivo ready use by the manufacturer. Mice were briefly anesthetized with isofluorane and the dorsal aspect of the skull was shaved. A 27-gauge needle attached via PE50 tubing to a 25 μl Hamilton syringe was inserted into the cisternal magna. To verify entry into the cerebral spinal fluid (CSF), approximately 2 μl of clear CSF was drawn and gently pushed back in and 4 μl of antagomir-17 (dose of 1.2 nmole) was slowly administered and allowed to absorb for 1 min before the needle was removed. Following injection, isofluorane was immediately discontinued and mice were awake, alert and mobile within 3min. Mice were injected once weekly for 4 weeks and then euthanized after 1 more week to isolate microglia by CD11b(+) magnetic bead purification. Microglia were isolated and immediately lysed in TRIzol. ICM injections were utilized as no surgery or cannulae implantation are required, which are inflammatory manipulations, and because substances injected ICM spread readily throughout the central nervous system (CNS) (38).



Statistical Analysis

All figures display mean and standard error of the mean (SEM) from at least three independent experiments as indicated in the figure legends. Comparisons between groups were conducted with either two-sample t-test, one-way or two-way ANOVA (depending on the data structure) for independent data, but with linear mixed effects models for correlated data to take account of the correlation among observations obtained from the same subject. Holm’s adjustment for multiple comparisons was used as indicated. Adjusted P < 0.05 was considered statistically significant.




Results


Microglial Autophagy Is Required for Degradation of Aβ, but Autophagy Proteins Are Poorly Expressed in 5xFAD Microglia

There are no studies using primary microglia in vitro from adult AD mouse models to determine their ability to degrade Aβ. Therefore, we sought to determine if microglia from 4-6-month-old 5xFAD mice in culture exhibit reduced degradation of fibrillar Aβ, the form most commonly found in plaques (2). The 5xFAD mouse model of AD expresses 5 mutations seen in familial forms of AD under the Thy1 neuronal promoter (27). This model exhibits robust deposition of Aβ, starting at 2-months of age, followed by microgliosis and loss of cognitive function between 4-6 months (27). WT and 5xFAD microglia were isolated by CD11b magnetic bead separation, plated, and then treated with fluorescent Aβ (1µM labeled with acid-resistant Hilyte Fluor 555) for 3 or 48 hours. Aβ degradation (%) was calculated by measuring reduction in fluorescent-Aβ volume between 3 and 48 hours per cell number. We found that microglia cultured from brains of 6-month-old 5xFAD mice are less able to degrade Aβ when compared to their WT counterparts (Figures 1A, B).




Figure 1 | Aβ degradation is diminished in 5xFAD microglia and autophagy knockout microglia. (A) Representative confocal images of fluorescent-Aβ (red) in primary microglia isolated from 4-6-month-old 5xFAD and sex- and age-matched WT littermate’s brains treated with Aβ for 3 or 48h. Scale bar: 10µM. (B) Quantification of degradation of fluorescent-Aβ (red) by degradation assay of the images represented in (A) (n = 3). Values are % of Aβ volume reduction ± SEM calculated by scoring 5 randomly chosen 20x fields of view per biologic replicate. Statistical analysis was performed using unpaired two tailed Student’s t-test. (C) Representative confocal images of fluorescent-Aβ (red) added to primary microglia isolated from 2-3-month-old WT and Atg5-/- mice’ brains for 3 and 48h. Scale bar: 10µM. (D) Quantification of images represented in (C) were completed as described in (B) (n=3). Statistical analysis was performed using unpaired two tailed Student’s t-test. (E) Representative confocal images of LC3 (green) in fluorescent-Aβ (red) treated primary WT microglia for 2,6h. Colocalization is represented in yellow as indicated by arrows. (F) Quantification of LC3 volume from cells treated as in (E) for 2,4,6h performed using Imaris software (n = 4) (12 images per biologic replicate). Statistical analysis performed by matched one-way ANOVA. (G) Quantification of LC3 Aβ colocalization from cells treated as in (E) for 2,4,6h performed using Imaris software (n = 4) (12 images per biologic replicate). Statistical analysis performed by matched one-way ANOVA. *p ≤ 0.05, **p ≤ 0.01,  ***p ≤ 0.001.



To determine if autophagy contributes to Aβ degradation and clearance in primary adult microglia, microglia from Atg5-/- mice were isolated. ATG5 is necessary for elongation of autophagic membranes and enables the recruitment of autophagy molecule LC3. We performed a fluorescent-Aβ degradation assay comparing Atg5-/- and WT microglia. We found that Atg5-/- microglia were less capable of Aβ degradation than WT microglia at 48 hours (Figures 1C, D). To confirm that primary adult microglia traffic Aβ via autophagy, we treated WT microglia with fluorescent-Aβ for 2 and 6 hours and stained for LC3 which is an important marker of autophagosomes. We found that LC3 volume increases upon addition of Aβ (Figures 1E, F). Moreover, it colocalizes with Aβ and colocalization increased between 2 and 6 hours (Figures 1E, G). Overall, these results indicate that healthy microglia are capable of enclosing Aβ into an autophagosome and degrading it by employing functional autophagy.

To determine the underlying defect responsible for failed autophagy-mediated degradation of Aβ in AD microglia, we determined autophagy protein expression in microglia from 5xFAD mice. Microglia were isolated from 5xFAD mice and age- and sex-matched WT littermates at both 2- and 6-months-old as significant Aβ deposition and microgliosis occurs after 2 months (27). Microglia were purified by magnetic bead positive selection for CD11b and the CD11b-negative fraction was also collected. By immunoblot analysis, expression of autophagy proteins NBR1, ATG7, BECN1, and ATG5 were analyzed in both the microglia and non-microglial fractions (Figures 2A, B). NBR1 and ATG7 were significantly less expressed in microglia in 6-month-old 5xFAD mice. This difference was not observed at 2 months, indicating that the expression of autophagy proteins is downregulated in microglia over the course of the disease (Supplementary Figures 1A, B). Expression of both Nbr1 and Atg7 mRNA was also diminished in 6-month-old (not 2-month old) 5xFAD mice (Figure 2C). We did not observe differential expression of ATG5 or BECN1 (Figures 2A, B) or any autophagy markers in the microglia fraction of 2-month-old mice (Supplementary Figures 1A, B). However, NBR1 and ATG5 were elevated at 2-months in the non-microglia fraction, though the difference disappeared in older mice. The results in Figures 2A, B show that the expression of NBR1 is decreased in 5xFAD microglia purified from the brain. Since transcriptional changes may occur during both isolation and culture of microglia (40), we characterized the expression of NBR1 in microglia in situ. To do this, NBR1 expression in microglia was analyzed using immunofluorescence staining in 5xFAD hippocampal brain sections from 6-month-old 5xFAD mice. Microglia in 5xFAD mice exhibited significantly lower expression of NBR1 protein (Figures 2D, E) compared to WT microglia. Together, these results indicate that degradation of Aβ in 5xFAD microglia is compromised due to diminished expression of autophagy molecules NBR1 and ATG7. Our data also demonstrate that autophagy is necessary for Aβ degradation in microglia.




Figure 2 | 5xFAD microglia exhibit reduced expression of NBR1 and to a lesser extent Atg7 autophagy proteins at 6 months.(A) NBR1, ATG7, BECN1, ATG5 and GAPDH immunoblot of primary microglia (CD11b+) and non-microglia (CD11b-) fractions of 6-month old 5xFAD and sex- and age-matched wild-type (WT) littermate brains (n = 5). (B) Densitometry analysis of immunoblots represented in (A). Data represent mean ± SEM (n = 5). Statistical analysis was performed using unpaired two-tailed student’s t-test. (C) Relative copy number of Nbr1 and Atg7 in primary microglia (CD11b+) or non-microglia (CD11b-) fractions of 2 and 6 month old 5xFAD and sex- and age-matched wild-type (WT) littermate brains (n = 9 for 2 month and n = 12 for 6 month). Statistical analysis was performed using mixed-effect analysis. (D) Representative confocal images of NBR1 protein (green) expression on brain tissue sections stained for IBA1+ microglia (red) from 6-month old 5xFAD and age-matched WT littermates. (E) Quantification of images represented in (D) was analyzed by Imaris software (n = 3). Statistical analysis was performed by unpaired student t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, NS, Not Significant.





Autophagy-Cargo Receptor NBR1 Is Poorly Expressed in Microglia of Human Alzheimer’s Disease in Areas With Aβ-Deposits and Is Necessary for Aβ Degradation by Microglia

Autophagy linker molecules such as p62 and NBR1 bind to labeled cargo destined for autophagy and recruit LC3 and the nascent autophagosome (15). We hypothesized that NBR1 plays a critical role in autophagic degradation of Aβ, as its expression was diminished in microglia isolated from the brains of 5xFAD mice. To determine if this is the case in AD human subjects, we first examined expression of NBR1 in total human brain tissue homogenates. We obtained snap-frozen brain tissue sections (Brodmann Area 38) from deceased AD patients that were homogenized in TRIzol (characteristics of patients and age- and sex-matched controls can be found in Supplemental Table 1). We found that NBR1 protein and mRNA expression were not altered in total brain homogenates from AD human patients compared to no-disease controls (Supplemental Figures 2A–C). We hypothesized that NBR1 expression is reduced in specific cell populations so that total brain tissue would obscure these results. We analyzed formalin fixed, paraffin embedded human temporal lobe brain tissue sections from AD and non-AD patients and stained for specific cell populations. Microglia (TMEM+) and neurons (Pyruvate Dehydrogenase+) expressed almost no NBR1 in AD brains in comparison to non-AD which expressed a significant amount of NBR1 (Figures 3A, B). In contrast, astrocytes (GFAP+) in AD expressed significantly more NBR1 than in non-AD. We next analyzed regions in the AD brain with intense Aβ deposits build-up, to determine if NBR1 down-regulation is associated with Aβ deposits burden. Microglia in tissue sections with Aβ-deposits had lower expression of NBR1 compared to microglia away from Aβ deposits (Figures 3C, D). These results indicate that NBR1 down-regulation is specific to microglia and neurons in AD, particularly in regions with intense Aβ deposition.




Figure 3 | NBR1 is downregulated in microglia of human Alzheimer’s disease mainly in regions with high Aβ burden. (A) Co-expression images of Immunohistochemistry of NBR1 (red) expression and cell marker (green) (TMEM for microglia, pyruvate dehydrogenase for neurons and GFAP for astrocytes) in human AD brain tissue sections and age matched no disease control. Colocalization is represented in yellow as indicated by arrows. Scale bar: 100µM. (B) Quantification of images represented in (A) were performed by Nuance system (CRI) (n = 3) (5 randomly chosen 20x fields of view per biologic replicate were analyzed). Statistical analysis was performed using multiple unpaired two-tailed student’s t-test. (C) Representative images of the co-expression analysis of Immunohistochemistry of NBR1 (red) expression and TMEM+ microglia (green) in Aβ deposits negative (-) and positive (+) regions of AD brain tissue sections (n = 3). Scale bar: 100µM. (D) Quantification of images represented in (C) were performed as described in (B). Statistical analysis was performed using unpaired two-tailed student’s t-test. ****p ≤ 0.0001.



To determine if NBR1 is required for Aβ degradation, the human microglia cell line HMC3 was transfected with NBR1 siRNA or non-target control, leading to successful knockdown of NBR1 at protein and mRNA level (Figures 4A–C). We then performed an Aβ degradation assay by immunoblot and discerned that microglia with low NBR1 expression degraded less Aβ at 24 hours when compared to NBR1-expressing microglia (Figures 4D, E). These data indicate that NBR1 is necessary for Aβ clearance, however a mechanism behind its low expression in AD microglia remained elusive.




Figure 4 | NBR1 is required for Aβ (1-42) degradation. (A) Nbr1 relative copy number in human microglial cell line (HMC3) treated with 50nM Nbr1 siRNA or non-targeting negative control for 24 and 48h (n = 4). Statistical analysis performed using paired two tailed Student’s t-test. (B) NBR1 and GAPDH immunoblot of HMC3 cells treated as in (A) (n = 4). (C) Densitometry analysis of immunoblots represented in (B). Data represent mean ± SEM (n = 4). Statistical analysis performed using paired two-tailed student’s t-test. (D) Immunoblot for Aβ and GAPDH in HMC3 microglia transfected as in (A) for 24h and treated with 1 µM of fibrillar Aβ(1-42) for either 4 or 24h to assess the course of Aβ degradation. (E) Densitometry analysis of immunoblots represented in (D). Data represent mean ± SEM (n = 4). Statistical analysis was performed using matched two-way ANOVA. *p ≤ 0.05.





The Mirc1/Mir17-92 Cluster Is Upregulated in Microglia of Human Alzheimer’s Disease in Areas With Aβ-Deposits

To determine the mechanism underlying reduced expression of NBR1, we searched for MicroRNAs that are predicted to target NBR1 and are highly expressed in AD. As members of the Mirc1/Mir17-92 cluster target essential autophagy molecules (24), the expression of the Mirc1/Mir17-92 cluster was evaluated in TRIzol-homogenized brain tissue (Brodmann Area 38) from deceased AD patients. Expression of each member of the cluster, especially miR-17, was significantly increased compared to the age-matched non-AD samples (Figure 5A). Additionally, the distribution of miR-17 in fixed brain tissue sections from AD patients and age- and gender-matched controls were analyzed by ISH. Non-AD brains showed low levels of miR-17 in comparison to AD brains which expressed abundant miR-17 (Figures 5B, C).




Figure 5 | The Mirc1/Mir-17-92 cluster is upregulated in human Alzheimer’s disease and is expressed in microglia. (A) Relative copy number of the six miRNAs of the miR-17-92 cluster in human AD brain tissue sections and their age-matched no disease controls (n = 15). Statistical analysis was performed using multiple unpaired two-tailed student’s t-test. (B) Representative images of Aβ deposits and in situ hybridization of miR-17 in adjacent brain tissue sections of human AD and no disease control. A region with multiple miR-17 positive cells is circled. Scale bar: 100µM. (C) Quantification of cells expressing miR-17 represented in (B). Values are mean ± SEM calculated by scoring 3 randomly chosen 20x fields of view (n = 4). Statistical analysis was performed using unpaired two tailed Student’s t-test. (D) Representative images of in situ hybridization of miR-17 in Aβ deposits negative (-) and positive (+) area of AD brain tissue sections. Images of Aβ are adjacent tissue sections to corresponding miR-17 images. A region with multiple miR-17 positive cells and corresponding Aβ deposits section is circled. Scale bar: 100µM. (E) Quantification of images represented in (D) as described in (C) (N = 4). (F) Representative images of the co-expression analysis of in situ hybridization of miR-17 (blue) and Immunohistochemistry of TMEM (as selective marker for microglia) (red) with merge image completed by nuance processing in an Aβ deposits positive area of AD brain tissue sections. Colocalization in the merge image is shown in yellow. Scale bar: 100µM. (G) Percentage of the neurons and microglia expressing miR-17 in Aβ deposits positive area of AD brain tissue sections (n = 3). *p ≤ 0.05, ****p ≤ 0.0001.



To discern the location of highly expressed miR-17, we utilized combined ISH and immunohistochemistry (IHC) to determine if the elevation of miR-17 correlated with the presence of Aβ. We found that the expression of miR-17 was elevated in areas adjacent to Aβ deposits but not in other sections without deposits from the same AD patient (Figures 5D, E).

Microglia are known to robustly proliferate at the site of Aβ deposition (41). Since miR-17 is highly expressed in regions where Aβ accumulates, we tested if the upregulation of miR-17 occurs specifically in microglia. By using combined ISH/IHC we evaluated expression of miR-17 with co-staining for microglia (TMEM+) in AD brain sections. We observed that approximately 45% microglia adjacent to Aβ deposits highly expressed miR-17 (Figures 5F, G). We also analyzed neurons (pyruvate dehydrogenase+) and found that approximately 50% of neurons expressed miR-17 (Figure 5G). Only regions with Aβ deposits in AD brains were analyzed by cell type as both non-AD samples and non-Aβ deposit regions did not express any miR-17 (Figures 5B–E). We concluded that both microglia and neurons in the vicinity of Aβ deposits express miR-17 in human AD brain. Therefore, miR-17 may alter expression of specific protein targets in both of these cell types in the AD brain.

To test if microglia in 5xFAD mice express significant levels of all the members of the Mirc1/Mir17-92 cluster compared to their age-matched WT littermates, microglia were isolated from 6-month-old 5xFAD mice utilizing CD11b magnetic-bead purification. We analyzed both the CD11b (+) microglia fraction and the remaining CD11b (-) non-microglia fraction for the Mirc1/Mir17-92 cluster by RT-qPCR. We found that the members of the cluster are upregulated in isolated microglia, but not in the non-microglia fraction (Figure 6A). The non-microglia fraction contains all cell types collected together, such as neurons, and other glia cells including astrocytes, oligodendrocytes and ependymal cells. As different cell types are analyzed together, the elevation of miR-17 in a specific cell, such as in neurons as seen in human AD (Figure 5G), could be masked by other cells that do not express miR-17. Since Aβ deposition starts to occur in the 5xFAD mouse after 2 months, we tested if the elevation of the cluster in 5xFAD microglia occurs by the age of 2 months. We purified microglia from 2-month-old 5xFAD mice and WT littermates and found no detectable difference in cluster expression in microglia or non-microglia (Figure 6B). Overall, we identified upregulation of the Mir17-92a cluster in both human and mouse AD microglia, which may contribute to dysfunctional autophagy and failed clearance of Aβ.




Figure 6 | Inhibition of upregulated miR-17 in 5xFAD mouse microglia is sufficient to restore Aβ degradation, autophagy, and NBR1 puncta formation. (A) Relative copy number of the six miRNAs of the Mirc1/Mir-17-92 cluster in primary microglia (CD11b+) (left panel) and non-microglia (CD11b-) (right panel) fractions of 6-month-old 5xFAD and age-matched wild-type (WT) littermates’ brains (n = 12). Statistical analysis was performed using multiple unpaired two-tailed student’s t-test. (B) Relative copy number of the six miRNAs of the cluster in primary microglia (CD11b+)(left panel) and non-microglia (CD11b-) (right panel) fractions of 2 month old 5xFAD and age-matched wild-type (WT) littermates’ brains (n = 9). Statistical analysis was performed using multiple unpaired two-tailed student’s t-test. (C) Confocal images of fluorescent-Aβ (red) at 3 and 48h in primary microglia isolated from 5xFAD brains transfected for 48h with either antagomir-17 (50nM) or negative control inhibitor. Scale bar: 10µM. (D) Quantification of % degradation of fluorescent Aβ (red) by degradation assay of the images represented in (A) (n = 3). Values are % of Aβ volume reduction ± SEM calculated by scoring 5 randomly chosen 20x fields of view. Statistical analysis was performed using paired two tailed Student’s t-test. *p ≤ 0.05, ***p ≤ 0.001. (E) Representative confocal images of LC3 (green) in primary microglia isolated from 5xFAD brains treated with 1 µM fluorescent-Aβ (red) for 2h after 48h transfection with either antagomir-17 (50nM) or negative control inhibitor. (F) Quantification of Aβ volume in the images represented in (E) performed using Imaris software (n = 4) (12 images per biologic replicate). Statistical analysis performed by paired t-test. (G) Quantification of LC3 volume from cells treated as in (E) performed using Imaris software (n = 4) (12 images per biologic replicate). Statistical analysis performed by paired t-test. (H) Representative confocal images of NBR1 (green) in primary microglia isolated from 5xFAD brains treated with 1µM non-fluorescent-Aβ for 2h after 48h transfection with either antagomir-17 (50nM) or negative control inhibitor. Arrows indicate cells with 3 or more discrete NBR1 puncta. (I) Quantification of the percentage of cells with 3 or more discrete NBR1 puncta from images represented in (H). Quantification was performed on 10 random fields of view for each condition (n = 3). Statistical analysis performed by paired t-test. NS, Not Significant.





Inhibition of Upregulated miR-17 Is Sufficient to Restore the Ability of 5xFAD Microglia to Degrade Aβ

We hypothesized that treatment with an inhibitor of miR-17 (antagomir17) would restore the ability of 5xFAD microglia to degrade Aβ in vitro. MiR-17 is highly expressed in AD microglia in human and mouse microglia and is known to target multiple autophagy effectors (24). To detect if 5xFAD microglia in culture lose the differential expression of Mirc1/Mir17-92 cluster, expression of this cluster was analyzed after 24 hours in culture in full media. We found that 5xFAD microglia compared to age-matched littermates still exhibit increased expression of the cluster (Supplemental Figure 3). To determine if reducing expression of miR-17 in AD microglia improves the degradation of Aβ, 6-month-old 5xFAD microglia were transfected with antagomir-17 or non-target negative control. A fluorescent-Aβ degradation assay was performed after 48 hours of antagomir-17 or negative inhibitor transfection. Treatment with antagomir-17 significantly improved Aβ degradation (Figures 6C, D). Our data indicate that inhibition of miR-17 alone is sufficient to significantly improve the degradation of Aβ in 5xFAD microglia in vitro. Therefore, targeting all members of the cluster to improve Aβ degradation is not necessary.

To determine if improved Aβ degradation after miR-17 inhibition is due to recovered autophagy function, 5xFAD microglia were probed for autophagosome marker LC3 after 48 hours of antagomir-17 or negative control transfection. Microglia were treated with Aβ for 2 hours to observe differences in LC3 accumulation after Aβ degradation. Similar amounts of Aβ were associated with microglia treated with antagomir-17 or the negative control after 2 hours (Figures 6E, F). Notably, microglia treated with antagomir-17 exhibited increased LC3 volume compared to the negative control, indicating increased presence of autophagosomes (Figures 6E, G).

We demonstrated that NBR1 is involved in Aβ degradation and that miR-17 prevents degradation of Aβ in AD microglia. Importantly, DIANA-TarBase v8 (42), a reference database indexing experimentally supported MiR targets, validated NBR1 as a target of miR-17 (43). Therefore, we quantified NBR1 puncta formation in AD microglia after inhibition of miR-17. NBR1 puncta represent receptor clustering which promotes continued autophagosome formation (44). Counting puncta labeled with various autophagy proteins is routinely used in autophagy studies to provide a snapshot of this dynamic process (45). We then examined if AD microglia treated with antagomir-17 would express more NBR1 puncta than the negative control treated microglia. 5xFAD microglia were probed for NBR1 after 48 hours of antagomir-17 or negative control transfection. Microglia were then treated with Aβ for 2 hours to observe differences in NBR1 accumulation before detectable Aβ degradation starts. Cells were considered positive for NBR1 if they met the threshold of 3 puncta per cell. We found that significantly more AD microglia treated with antagomir-17 were positive for NBR1 puncta compared to cells treated with the negative control (Figures 6H, I). Taken together, these results indicate that inhibition of miR-17 improves Aβ degradation, autophagy and NBR1 puncta formation in 5xFAD microglia.



Targeting miR-17 In Vivo Improves the Expression of NBR1

We speculated that reducing the expression of miR-17 would also bolster the expression of NBR1 in vivo. To confirm that antagomir-17 treatment in vivo would effectively increase autophagy protein expression in microglia, we injected 5xFAD mice with 1.2 nmole of antagomir-17 once weekly for four weeks by intracisterna magna (ICM) injection. Both the CD11b (+) and CD11b (-) fractions were collected for analysis. Mice treated with antagomir-17 had significantly higher levels of NBR1 in both microglia and the CD11b (-) fraction compared to the non-targeting control (Figures 7A, B). We also analyzed expression of ATG7, ATG5 and BECN1 (Figures 7A, B). We noted a modest, though non-significant, improvement in ATG7 expression in microglia after antagomir-17 treatment. Additionally, we determined that ATG5 and ATG7 expression were improved in non-microglial cells after antagomir-17 treatment. In order to determine if decreased expression of NBR1 in human AD correlates with increased expression of miR-17, a correlation analysis was performed utilizing combined ISH/IHC. First, we performed this analysis in the AD brain in regions with and without Aβ deposits (Figure 7C). Decreased expression of NBR1 was highly correlated with increased expression of miR-17 (Figure 7D). Additionally, we completed this analysis on AD brains with deposits together with no-disease controls. Decreased expression of NBR1 was highly correlated with increased expression of miR-17 (Figure 7E). Overall, our results indicate that in AD, the overexpressed miR-17 correlates with reduced expression of NBR1 which participates in the Aβ degradation in microglia. A schematic illustration of the interplay between miR-17, NBR1 and Aβ degradation in both healthy and Alzheimer diseased microglia is suggested in (Figure 8).




Figure 7 | The elevation of miR-17 expression is associated with decreased expression of NBR1 in mouse and human AD brain tissue. (A) NBR1, ATG7, BECN1, ATG5 and GAPDH immunoblot of primary microglia (CD11b+) (left panel) and non-microglia (CD11b-) (right panel) fractions of 2-month-old 5xFAD mice injected in their intracisterna magna (ICM) with 1.2 nmole of either antagomir-17 or non-target negative control once weekly for four weeks. (B) Densitometry analysis of immunoblots represented in (A). Data represent mean ± SEM (n = 4 for negative control and 3 for antagomir-17). Statistical analysis was performed using unpaired two-tailed student’s t-test. (C) Representative images of the co-expression analysis of Immunohistochemistry of NBR1 (red) expression and in situ hybridization of miR-17 (blue) in Aβ deposits negative (-) and positive (+) area of AD brain tissue sections. Scale bar: 100µM. (D) Pearson correlation analysis of miR-17 and NBR1 expression in AD brains from the images represented in (C) (n = 4) (6 wide 20x field images are taken per replicate in which 3 images are taken from Aβ deposits negative and 3 images from Aβ deposits positive). (E) Pearson correlation analysis of miR-17 and NBR1 expression in human brains (n = 8, 4 AD with Aβ deposits and 4 age matched no disease control) (1 wide 20x field image are taken per n). *p ≤ 0.05, **p ≤ 0.01, NS, Not Significant.






Figure 8 | Schematic illustration of the interplay between miR-17, NBR1, and Aβ degradation in both healthy and Alzheimer diseased microglia. AD, Alzheimer’s disease; ATG5, Autophagy Protein 5; NBR1, Neighbor of BRCA1 gene 1 Protein; LC3, Microtubule Associated Protein 1 Light Chain 3; Aβ, Amyloid beta; miR-17, microRNA-17. Synopsis: Autophagic clearance of Aβ is disrupted in primary AD mouse microglia (5xFAD). NBR1 is required for Aβ degradation and is downregulated in microglia in human AD in regions with high Aβ burden. The expression of the Mirc1/Mir17-92 microRNA cluster is elevated in AD, including in microglia adjacent to Aβ plaques in human AD and in 5xFAD microglia. Elevated expression of miR-17 correlates with reduced expression of its predicted target, autophagy receptor NBR1. Inhibiting miR-17 in primary AD mouse microglia is sufficient to restore Aβ degradation, autophagy, and NBR1 puncta formation in AD microglia in vitro and NBR1 expression in vivo.






Discussion

Healthy microglia play a crucial role in clearing Aβ deposited by neurons in the brain (8). However, microglia become dysfunctional over the course of AD and fail to clear Aβ, and instead they release toxic neuro-inflammatory products (10). Degradation of Aβ can be mediated by microglia by various mechanisms, including release of extracellular enzymes such as neprilysin or insulin-degrading enzyme or by degradation of Aβ following phagocytosis where internalized cargo is delivered to phagolysosomes or autophagolysosomes for degradation (6–8, 12). Previous reports suggested that autophagy machinery degrades Aβ following phagocytosis and that weak autophagy activity in microglia is associated with failed Aβ clearance and unsuccessful regulation of neuro-inflammatory phenotypes (11–13, 18, 46, 47). However, these studies were completed in neonatal microglia or microglia cell lines and did not offer underlying mechanisms for defective autophagy in AD microglia. We demonstrate for the first time using our model of primary adult mouse microglia that Aβ degradation following phagocytosis is dependent on autophagy and that Aβ colocalizes with autophagosome marker LC3. Furthermore, we demonstrate that expression of specific autophagy proteins NBR1 and to a lesser extent ATG7 are diminished in 5xFAD mouse microglia. This is the first study employing adult 5XFAD microglia where we show that NBR1 is required for Aβ degradation. Hence, reduced expression of NBR1 is responsible (at least in part) for failed degradation of Aβ by 5xFAD microglia. This is a very important finding since NBR1 is involved in early steps of autophagy degradation and hence, cannot be remedied by increasing the expression of the downstream autophagy effectors. Moreover, we offer a mechanism underlying dysfunctional autophagy-mediated degradation of Aβ. Our study uncovered that the Mirc1/Mir17-92a cluster is upregulated in 5xFAD mouse and human AD microglia which is associated with decreased expression of autophagy proteins specifically NBR1. Highly expressed miR-17 in AD microglia targets NBR1 leading to its downregulation which renders AD microglia unable to degrade Aβ by the autophagy machinery. We found that inhibition of miR-17 alone improved degradation of Aβ, which offers a unique drug target.

MiRs are heavily implicated in both AD pathogenesis (21, 23) and autophagy (20), but there was a lack of evidence linking these two processes. Members of the Mirc1/Mir17-92 cluster negatively target expression of autophagy proteins, leading to weak autophagy activity in different disease conditions including multiple cancers and cystic fibrosis (24, 48). We discovered that the Mirc1/Mir17-92a cluster is upregulated in microglia in the temporal lobe of human AD patients compared to sex- and age-matched patients with no known dementia. These findings are distinct from previous studies describing downregulated expression of the Mirc1/Mir17-92 cluster during aging and senescence using total brain homogenates (25).

We observe elevated expression of miR-17 in microglia and neurons in human AD adjacent to Aβ deposits. Several reports suggest that dysfunctional autophagy in AD neuronal cells contributes to the over-production of abnormal Aβ and subsequent aggregation which instigates the process that leads to AD pathology (49). We also demonstrate that the Mirc1/Mir17-92a cluster is significantly upregulated in 6-month-old 5xFAD mice, which is after the detection of deposition of Aβ plaques in this model (27). Therefore, the dysregulation of Aβ deposition from neuronal cells precedes autophagy dysfunction in surrounding microglia. It is possible that long-term exposure to Aβ plaques provokes the upregulation of miR-17 in surrounding cells. Yet, in our hands, exposure of non-diseased microglia to Aβ for several days in vitro did not increase the expression of miR-17 (data not shown). Alternatively, the Mirc1/Mir17-92 cluster is consistently upregulated in highly inflammatory diseases including tumor sites and in the lungs of cystic fibrosis patients especially during pulmonary exacerbations (50). Therefore, it seems that the deposition of Aβ plaques in the AD brain instigates micro-environmental effects that collectively lead to the upregulation of the cluster and disruption of autophagy in microglia, which requires further investigation. Notably, we report reduced microglial expression of NBR1 and increased microglial expression of miR-17 in 6-month-old 5xFAD mice but not in 2-month-old 5xFAD mice. It is possible that this delayed autophagy inhibition is a response to the gradual deposition of Aβ in this model after 2-months or due to other consequences downstream of Aβ deposition and AD pathobiology progression. On the other hand, it is possible that other factors gradually augment the expression of miR-17 in microglia which in turn perturbs autophagy and leads to the accumulation of Aβ. Previous analyses of MiR expression in AD whole brain homogenates have not detected the upregulation of members of the cluster (51, 52). Our approach demonstrates that the expression of miR-17 is specific to brain region, Aβ pathology and cell type, which may account for our discovery. Thus, it necessary to analyze individual cells instead of total homogenates where such findings may be missed.

Cargo that is destined for autophagy is selected for degradation after recognition by specific receptors, such as SQSTM1/p62, Optineurin or NBR1. Cho and colleagues demonstrated that Optineurin interacts with Aβ and is required for its degradation (12). However, Optineurin and p62 are highly expressed in the AD brain (12). In contrast, we demonstrate that the expression of NBR1 is decreased in human AD microglia present adjacent to Aβ deposits and is inversely correlated with expression of miR-17. The absence of NBR1 in AD microglia can explain the reduced degradation of Aβ. This is corroborated by the fact that in HMC3 microglia treated with siRNA to NBR1, Aβ degradation is significantly reduced. Importantly, p62 and Optineurin, despite their abundance in AD brains, did not substitute NBR1 and mediate Aβ degradation. It has been proposed that these receptors have redundant functions, however emerging reports in different fields demonstrate that it is not always the case (14). Hence, an approach that will increase the expression of other downstream autophagy effectors without correcting NBR1 would fail to improve Aβ degradation in AD microglia.

Notably, we do not rule out that autophagy proteins may also play a role in phagocytosis as demonstrated by other groups (46, 47). An elegant study from Heckman and colleagues characterized a non-canonical role for autophagy marker LC3 in the uptake of Aβ and receptor recycling (47). This study did not observe a contribution of autophagy to degradation of Aβ in a microglia cell line at 24 hours. This does not contradict our findings since we used primary adult microglia and we observed a significant difference in degradation of Aβ at 48 hours when comparing WT to 5xFAD or Atg5-/- microglia. Our result indicates a role for autophagy during Aβ degradation distinct from any dysfunction in internalization. Additionally, autophagy has other critical functions in microglia and other immune cells, including regulation of inflammation (12, 18). As miR-17 inhibits the expression of multiple autophagy proteins, it may also impact the inflammatory response of AD microglia.

The inhibition of miR-17 improved degradation of fluorescent-Aβ in primary AD microglia, and hence high expression of miR-17 inhibits degradation. This is the first report demonstrating that the expression of a MiR can alter degradation function in AD microglia. We and others reported that miR-17 has multiple proposed autophagy targets, including Atg5, Beclin-1, Atg7, Atg12, Atg16L1 and Nbr1 in other cell types (24, 42, 43). We found that inhibition of miR-17 improved expression of NBR1 in microglia in vivo, which we propose leads to improved autophagic degradation of Aβ. Further, we demonstrated that inhibiting miR-17 in primary 5xFAD microglia increased expression of LC3 and accumulation of NBR1 puncta after treatment with Aβ. LC3 accumulation reflects increased presence of autophagosomes, indicating that reducing miR-17 improved both Aβ degradation and autophagy function. NBR1 puncta are indicative of clustering of the NBR1 receptor, which can then promote continued autophagosome formation (44). These data indicate that miR-17 is a potential therapeutic target in AD which could recover functional autophagy in microglia thus enabling improved Aβ clearance and improved cognition.

Several challenges may arise in seeking to measure cognition and Aβ clearance in 5xFAD mice. Our in vivo work was performed over the course of one month in a small cohort of young (2-month-old) mice. Robust differences in cognition are not observed in 5xFAD mice until about 5 months (27). Therefore, optimizing a timeline for several months of injections in a large cohort of mice will be critical. ICM injection resulted in improved expression of NBR1, ATG5 and ATG7 in non-microglial cells in our study. It is possible that inhibiting miR-17 in all cell types may be beneficial as it could promote functional autophagy in neurons. To the best of our knowledge, the role of NBR1 and the Mirc1/Mir17-92 cluster in neurons in AD has not been explored warranting further mechanistic investigation. Neurons adjacent to Aβ-plaques express more miR-17 and less NBR1 in human AD brain tissue. If overexpressed miR-17 is found to be detrimental to autophagy function in neurons as well, it would be even more critical to find approaches to control miR-17 expression as a therapeutic option in AD. Of note, this cluster of MiRs has many other biological functions and potential roles in AD, including that miR-17 is shown to alter expression of the amyloid precursor protein (APP) (53). Therefore, it would be important to restore normal levels of the MiR, rather than completely inhibiting its expression. Alternatively, microglia-targeted therapies may be needed. This also highlights the importance of focusing on a specific MiR target for thorough mechanistic and therapeutic evaluation, rather than inhibiting the entire cluster. Even though other members of the Mirc1/Mir17-92a cluster are known to target autophagy proteins (24) and could similarly inhibit efficient Aβ degradation, targeting the entire cluster would also increase the number of off-target effects. Interestingly, we found increased levels of NBR1 in astrocytes in human AD. Weak autophagy activity in astrocytes expressing AD risk variant ApoE is linked to decreased clearance of Aβ (54). This points to the possibility that unique mechanisms of autophagy dysregulation exist within different cell types within the same region in the same organ. As the field continues to explore therapeutic options for stimulating autophagy in AD, it will be vital to identify these unique mechanisms and ensure that we employ complementary approaches that improve autophagy function in designated cell types.

Taken together, our results indicate that autophagic clearance of Aβ by AD microglia is defective due to miR-17-mediated autophagy inhibition and reduced expression of NBR1. Improving expression of autophagy proteins by inhibiting the elevated miR-17 improved the degradation of Aβ in vitro in microglia. Therefore, our data indicate miR-17 is a potential therapeutic target to improve autophagic clearance of Aβ in AD microglia.
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CD8 T cell infiltration of the central nervous system (CNS) is necessary for host protection but contributes to neuropathology. Antigen presenting cells (APCs) situated at CNS borders are thought to mediate T cell entry into the parenchyma during neuroinflammation. The identity of the CNS-resident APC that presents antigen via major histocompatibility complex (MHC) class I to CD8 T cells is unknown. Herein, we characterize MHC class I expression in the naïve and virally infected brain and identify microglia and macrophages (CNS-myeloid cells) as APCs that upregulate H-2Kb and H-2Db upon infection. Conditional ablation of H-2Kb and H-2Db from CNS-myeloid cells allowed us to determine that antigen presentation via H-2Db, but not H-2Kb, was required for CNS immune infiltration during Theiler’s murine encephalomyelitis virus (TMEV) infection and drives brain atrophy as a consequence of infection. These results demonstrate that CNS-myeloid cells are key APCs mediating CD8 T cell brain infiltration.
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Introduction

T cells play essential roles in host protection from CNS infection; yet, infiltrating T cells induce potent immunopathology during neuroinflammation associated with infections and autoimmunity (1–7). Recent studies suggest that dysregulated T cell brain infiltration may also contribute to pathology in neurodegenerative diseases (8–10). Rediscovery of the glymphatic system in the CNS has allowed for improved understanding of how T cells are primed and activated against CNS-derived antigens (11, 12). Conceivably, T cells encounter cognate antigen once it has drained to the deep cervical lymph node, where antigen presenting cells (APCs) prime naïve T cells (13, 14). However, activated T cells are restimulated by local APCs to infiltrate across the blood brain barrier (BBB) into the parenchyma. This crucial process is not fully defined (15–17).

CNS antigen presentation has been primarily studied in the experimental autoimmune encephalomyelitis (EAE) model of multiple sclerosis in which activated autoantigen-specific CD4 T cells migrate to the CNS, infiltrate the parenchyma, and mediate disease development (18). Local APCs are crucial for CD4 T cell infiltration, and this role is primarily attributed to CD11c+ dendritic cells (19–21). However, microglia and brain macrophages (CNS-myeloid cells) become fully competent APCs during CNS infection models, and the contribution of local APCs in potentiating CD8 T cell infiltration of the CNS remains undefined (22–25). One viral model commonly used to assess immune infiltration of the brain is Theiler’s murine encephalomyelitis virus (TMEV), a neurotropic murine picornavirus. Immune infiltration mediates clearance of TMEV in C57BL/6 mice, but this results in cognitive deficits and brain atrophy (26–28). However, mice deficient in CD8 T cells or lacking certain MHC class I haplotypes are unable to clear TMEV from the CNS, resulting in virus-induced demyelinating disease (29–32). CD8 T cell activation, brain infiltration, and viral clearance are dependent on recognition of the immunodominant TMEV capsid protein-derived peptide VP2121-130 presented in the H-2Db MHC class I molecule (13, 30, 31, 33). The highly reproducible nature of this CD8 T cell response enables in vivo analysis of antigen presentation requirements for lymphocyte infiltration of the brain.

Here, we sought to define the role of local antigen presentation in CD8 T cell infiltration of the virally infected CNS. Activated CNS-myeloid cells upregulate MHC class I and localize near hippocampal vasculature during TMEV infection, a prime location to interact with CD8 T cells attempting to cross the BBB. Using transgenic C57BL/6 mice in which one of the two MHC class I molecules is deleted in CNS-myeloid cells, we uncovered differential requirements for H-2Kb and H-2Db molecules in promoting immune infiltration of the brain. We further show that antigen presentation by CNS-myeloid cells promotes brain atrophy resulting from the CD8 T cell response against TMEV.



Experimental Model and Subject Details


Mice

C57BL/6J (B6; Stock No. 000664), B6.PL-Thy1/CyJ (Thy1.1; Stock No. 000406), B6.129P2(Cg)-Cx3cr1tm2.1(cre/ERT2)Litt/WganJ (CX3CR1creER, Stock No. 021160), and B6.129P2(Cg)-Cx3cr1tm1Litt/J (CX3CR1GFP/GFP; Stock No. 005582) were acquired from the Jackson Laboratories (Bar Harbor, ME). Following shipment, mice were acclimated for at least one week prior to use. CX3CR1-creERT2 x Kb fl/fl animals (CX3CR1cre/Kb) and CX3CR1creER x Db fl/fl animals (CX3CR1cre/Db) were generated in house as described below. For experiments involving tamoxifen-mediated cre activation, male and female mice between 4 and 6 weeks of age received tamoxifen (or corn oil) prior to experimental use at 10-12 weeks of age. For all other experiments, male and female mice between 5-12 weeks of age were used. 7-14-week-old female or male mice were used for donors in bone marrow chimera experiments. Heterozygous CX3CR1GFP/+ were used for experiments. All mice were group housed under controlled temperature and humidity with a 12-h light/dark cycle. Mice were provided ad libitum access to food and water. All animal experiments were approved by and performed in accordance with the Mayo Clinic Institutional Animal Care and Use Committee and the National Institutes of Health guidelines.



Generation of Transgenic CX3CR1creER x Kb fl/fl and CX3CR1creER x Db fl/fl Mouse Strains

Transgenic H-2Kb LoxP (H-2Kb fl/fl) and H-2Db LoxP (H-2Db fl/fl) mice were both generated by our group as previously described (13, 14). In brief, LoxP sites were inserted into Kb and Db transgenes which were previously cloned via site-directed mutagenesis. After Kb or Db transgene insertion to C57BL/6J mice (Stock No. 000664) by the Mayo Clinic Transgenic Mouse Core (Rochester, MN), animals were backcrossed onto MHC class I deficient animals (H2KbDb KO) resulting in mice in which the transgenic Kb or Db was the only MHC class I molecule expressed. CX3CR1creER (Stock No. 021160) animals were crossed to MHC class I deficient animals (H-2KbDb KO) for at least three generations for the strain to be MHC class I deficient (The Jackson Laboratory, Bar Harbor, ME). MHC class I deficient CX3CR1creER animals were then crossed to the Kb LoxP mouse to generate CX3CR1creER/Kb cKO animals, or the Db LoxP mouse to generate CX3CR1creER/Db cKO animals. Tail DNA screening was performed using polymerase chain reaction for cre using primer sequences recommended by Jackson Laboratory (Forward: AAG ACT CAC GTG GAC CTG CT; Mutant, Reverse: CGG TTA TTC AAC TTG CAC CA; WT, Reverse: AGG ATG TTG ACT TCC GAG TTG). Flow cytometry was used to confirm presence of the CX3CR1creER transgene via YFP reporter expression and class I deficiency using Kb and Db surface expression. Mice were considered cKO if they were positive for the cre transgene by PCR and flow cytometry, and tamoxifen injection successfully mediated deletion of Kb/Db surface protein on CX3CR1-expressing cells.




Method Details


Tamoxifen Administration

Tamoxifen (Sigma-Aldrich, St. Louis, MO) was administered in corn oil (Sigma-Aldrich, St. Louis, MO) at a concentration of 20mg/mL. Tamoxifen was dissolved in corn oil by shaking overnight at 37°C in the dark. Animals were administered 75mg/kg tamoxifen intraperitoneally at 4-6 weeks of age for five consecutive days using a 26 gauge 3/8” beveled needle. Post-tamoxifen recovery times of 10 days or 6 weeks were incorporated prior to use of mice in experiments. Experiments using vehicle control injections were performed in a similar manner using corn oil as vehicle.



Acute TMEV and TMEV-OVA Infection

The Daniel’s strain of TMEV was prepared as previously described (13). TMEV-XhoI-OVA8 (TMEV-OVA) was generated and prepared by our group as previously described (34). At 5-12 weeks of age, mice were anesthetized with 1-2% isoflurane and infected intracranially (i.c.) with 2 x 106 PFU of the Daniel’s strain of TMEV, or 2 x 105 PFU of TMEV-OVA. Virus was delivered to the right hemisphere of the brain in a final volume of 10 µL using an automatic 1 mL Hamilton syringe (Hamilton Company, Reno, NV). Mice were euthanized for flow cytometry or immunofluorescence at 0-, 5-, or 7-days post infection (dpi).



PLX3397 Administration

PLX3397 was synthesized by Plexxicon Inc. (Berkeley, CA) and formulated in AIN-76A standard chow by Research Diets Inc. (New Brunswick, NJ) at 290 mg/kg. AIN-76A standard chow alone was used as respective controls. Diets were provided to mice for two weeks ad libitum.



BrdU Administration

BrdU (BD Pharmingen, Cat#51-2420KC) was administered by intraperitoneal injection of a 100uL solution of 10mg/mL at day 6 post intracranial TMEV infection according to manufacturer’s instructions.



Isolation of Immune Cells From Secondary Lymphoid Organs

Spleens, cLNs, and thymi were harvested in 5 mL RPMI (RPMI 1640, Gibco) and gently homogenized between the frosted glass of two glass microscope slides. Samples were washed once at 400xg with RPMI in 15 mL conical tubes. Next, 1 mL of ACK lysis buffer (8.3 g ammonium chloride, 1 g potassium bicarbonate, and 37.2 mg EDTA) was added to the spleen samples for 1 minute to lyse erythrocytes. To quench the ACK reaction, 14 mL RPMI was added, and samples were washed once more prior to staining for flow cytometric analysis.



Isolation of Immune Cells From Whole Brain

Immune cells were isolated from mouse brain as previously described (35). Briefly, mice were deeply anesthetized with isoflurane and transcardially perfused with 30 mL of ice cold 1X PBS via intracardiac puncture. Whole brains were collected into 5 mL of ice cold RPMI and manually homogenized using a 7 mL glass Tenbroeck tissue grinder (Pyrex #7727-07). Homogenized brain samples were then filtered through a 70 µm filter (Falcon #352350) into a 30% Percoll gradient (Millipore Sigma, Darmstadt, Germany - #P4937) and centrifuged at 7840xg. The floating myelin debris layer was subsequently removed, and leukocytes were collected. Samples were washed twice with 1X PBS prior to staining for flow cytometric analysis.



Flow Cytometry

Cells were counted using a hemocytometer (Hausser Scientific) using trypan blue exclusion (Gibco) prior to being plated in a 96-well v-bottom plate. When applicable, samples were stained with 50 µL of a 1:50 dilution of Db : VP2121-130 APC-labeled tetramer or a 1:50 dilution of Kb : OVA257-264 APC-labeled tetramer (NIH Tetramer Core Facility, Emory University). Tetramer staining was performed for 25 minutes in the dark at room temperature. Subsequently, samples were stained with the relevant combination of surface and intracellular antibodies in combination with Fc blocking antibody CD16/CD32 (BD Pharmingen, Cat. #553141). BV421 anti-MHCII(IA/IE) (BioLegend, Cat. #107632), Spark NIR 685 anti-CD45R/B220 (BioLegend, Cat. #103268), PE-CF594 anti-CD45 (BD Pharmingen, Cat #562420), PE anti-H-2Db (ThermoFisher, Cat. # A15443), PerCP anti-Ly6C (BioLegend, Cat. #128028), BB515 anti-CD11b (BD Pharmingen, Cat. #564454), APC/Fire750 anti-CD62L (BioLegend, Cat. #104450), PE-Cy7 anti-TCRβ (Tonbo, Cat. #60-5961), Alexa Fluor 700 anti-H-2Kb (BioLegend, Cat. #116521), Pacific Blue anti-CX3CR1 (BioLegend, Cat. #149038), BV650 anti-CD44 (BD Pharmingen, Cat. #740455), BV510 anti-CD4 (BioLegend, Cat. #100449), BV570 anti- CD8α (BioLegend, Cat. #100740), BV605 anti-CD11c (BioLegend, Cat. #117333), BV711 anti-Ly6G (BioLegend, Cat. #127643), BV785 anti-F4/80 (BioLegend, Cat. #123141) antibodies were used at 1:100 dilution to stain cells from all tissues. Zombie NIR viability dye (BioLegend, Cat. #423105) was used at a 1:1000 dilution to stain dead cells. Samples were run on a BD LSRII flow cytometer equipped with FACSDiva software or a Cytek Aurora flow cytometer equipped with SpectroFlo software. Samples run on the LSR II were compensated with single stain controls, and samples run on the Cytek Aurora were unmixed with single stain reference controls.



Immunofluorescence and Microscopy

Mice were deeply anesthetized with isoflurane and transcardially perfused with 30 mL of ice cold 1X PBS followed by 30 mL of ice cold 4% paraformaldehyde (PFA). For intravascular labeling experiments, mice were injected with 70 kDa Dextran conjugated to Texas Red (Invitrogen, Cat. #D1830) 7.5 minutes prior to anesthetization. Tissues were post-fixed overnight in 4% PFA at 4°C, then incubated 24h in 15% sucrose at 4°C, and finally incubated 24h in 30% sucrose at 4°C prior to embedding in Tissue-Tek OCT Compound (Sakura Finetek, Torrance, CA). Tissues were then sectioned at 20-um thickness by cryostat (Leica Biosystems, Wetzlar, Germany) onto positively charged glass slides. Slides were blocked for 1 hour in PBS containing 1% BSA, 10% normal goat serum, and 0.1% Triton-X 100 Sigma‐Aldrich) prior to incubation overnight at 4°C with primary antibody diluted in block buffer: Rabbit anti-Iba1 (1:1000 019-19741, Wako, Osaka, Japan), Rabbit anti-NeuN (1:1000, Abcam, Cat. #104225). Slides were then washed with 1X PBS 3 times prior to incubation with fluorochrome-conjugated secondary antibody (goat anti-rabbit Alexa Fluor 647, ThermoFisher, Cat. #A-21245) for 1 hour at room temperature. Finally, slides were washed 5 times with 1X PBS prior to being mounted with VectaShield medium containing DAPI (Vector lab, Burlingame, CA).

Sections (greater than 3 sections per mouse) for Iba1+/CX3CR1+ cell density analysis or NeuN+ analysis were imaged with the Zeiss AxioObserver.Z1 structured illumination system (Carl Zeiss Microscopy GmbH, Jena, Germany) using a 40x objective. TIFF images were exported using Zen Blue software. For Iba1+ or CX3CR1+ cell morphology analysis (soma, Skeleton, and Sholl analysis), and vascular analysis, slides were imaged at room temperature using a Leica DM2500 (Wetzlar, Germany) equipped with a x63 oil immersion objective (confocal image: 521x521). 25-micrometer z-stacks were acquired with a step thickness of 1.01 um. Uncompressed TIFF images were exported from Leica Acquisition Suite software.



Plaque Assay

Infectious virus plaque assay was conducted using whole brain homogenates as previously described (36). Briefly, whole brains were collected from deeply anesthetized mice (isoflurane) and perfused with 30 mL ice cold 1X PBS. Brains were weighed, then sonicated until fully homogenized. Homogenate was clarified by centrifugation at 1000xg for 20 minutes.

L2 cells (ATCC CCL-149™) were grown in DMEM w L-glut (Gibco), 10% Heat-Inactivated Fetal Bovine Serum and 1% penicillin-streptomycin (Sigma) and plated onto 12-well plates at 1x106 cells/well. The assay was performed once the cells reached confluency. Confluent cells were washed once with serum-free DMEM. Next, 10-fold dilutions of tissue homogenate were prepared in serum-free DMEM and 200 µL of each dilution was applied in triplicates onto cells. Plates were incubated at 37°C for 1 hour before 1 mL of a 0.8% agarose overlay was added. After 72 hours of incubation at 37°C, cells were fixed with EAF fixative (EtOH : HOAc:formaldehyde 6:2:1) for 1 hour prior to aspiration of agarose+fixative and staining with Crystal Violet solution (1% crystal violet in 20% EtOH). Plaques were counted by hand and PFU/g tissue was calculated.



Bone Marrow Isolation and Set Up of Chimeras

Femurs and tibias were isolated from donor mice. Spongey bones were cut off and bone marrow was flushed out under sterile conditions with a 21G needle. Cell suspensions were then lysed with ACK lysis buffer, washed twice at 400xg, and transferred intravenously into lethally irradiated recipient mice. Recipient mice received two doses of 450 gray irradiation four hours apart using a Shepherd’s CS 137 irradiator. Donor chimerism was assessed in peripheral blood at 6 weeks post-engraftment using flow cytometry.



Novel Object Recognition Testing

Novel object recognition testing was conducted as previously described (37). In brief, mice were habituated to a 33 cm x 33 cm acrylic open field apparatus for 5 minutes per single mouse one day prior to the assay. The next day, mice were trained via exposure to two identical objects (red wooden blocks) arranged in opposite quadrants and 5 cm away from the walls. One mouse at a time was placed in the center of the open field with control objects and allowed to behave freely for 10 minutes. The mouse was then returned to the home cage for 1 hour prior to the novel object recognition testing session. Testing sessions consisted of a 5-minute exposure to one control object (the red wooden block) and one novel object (randomly assigned object differing in shape and texture made of Lego bricks), both placed in opposite quadrants and 5 cm away from the walls. All trials were conducted in a quiet, isolated procedure room under dim lighting. The open field apparatus and all objects were cleaned with 70% ethanol and dried in between each animal and each session. EthoVision XT software (Noldus Information Technology, Wageningen, the Netherlands) was used to record and count the number of investigations/sniffs of each object. The number of interrogations of the novel object as compared to the number of interrogations of the familiar object was calculated for the 5-minute test session (Discrimination Index = novel/familiar), and the number of interrogations of each control object were compared for the 10-minute training session (familiar/familiar). A mouse with equivalent exploratory behavior and learning/recognition memory would have a discrimination index of 1 during training and greater than 1 during testing, indicating more exploration of the novel object.



Magnetic Resonance Imaging

Magnetic resonance images were acquired as previously described (27, 38). A Bruker Avance II 300-MHZ (7T) vertical-bore small-animal animal system was used to conduct T2-weighted scans (Bruker Biospin, Billerica, MA, USA). Mice were anesthetized under 1.5-2% isoflurane for the entirety of scanning via nose cone and respiratory rate and temperature were monitored using the SAII MRI-compatible monitoring and gating system (SA Instruments, Stony Brook, NY, USA). A respiratory gated T2‐weighted volume acquisition rapid acquisition with refocused echoes (RARE) pulse sequence was used for scanning with the following metrics: a TR of 1,500 ms, a TE of 65 ms, a RARE factor of 16, a FOV of 4.0 by 1.92, and a matrix of 200 by 96 by 96. Analysis and quantification of brain atrophy were performed as previously described (38). Briefly, 3-dimensional volumetric analysis was conducted using Analyze 12.0 software to analyze MRI scans and generate lateral ventricle volumes (Biomedical Imaging Resource, Mayo Clinic). Semiautomated thresholding and seed growing-based algorithms were used to segment T2-weighted brain images. Object maps defining subvolumes of the brain, the two lateral ventricles, were generated and the Region of Interest Scan Tool was used to measure the volume. The investigator conducting the analysis was blinded and previously trained on test data sets.




Quantification and Statistical Analysis


Processing of Flow Cytometry Data

All samples were analyzed using FlowJo v10 (FlowJo LLC, Ashland, OR). Live, single, quality-controlled, and compensated/unmixed events covering 20 samples originating from naïve and infected B6 mice were equivalently downsampled to more than 1500 events per sample (https://www.flowjo.com/exchange/#/plugin/profile?id=25). We ran UMAP on the concatenated data, using 15 nearest neighbors (nn), a min_dist of 0.5, and Euclidean distance (https://arxiv.org/abs/1802.03426). Identified populations were confirmed by manual gating.



Analysis and Quantification of Immunofluorescent Images

All image analysis was performed using Fiji software (ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA). Confocal z-stacks were smoothed and compressed into a single z-projection Confocal images were analyzed in Z-projected images (20 slices, maximum intensity projection). Cell numbers and density quantification was completed using the Fiji (ImageJ) Analyze Particles function after uniform thresholding. Vessel-associated CX3CR1+ cells were defined using methods described by Haruwaka et al. (39). Briefly, a vertical line was drawn from the presumed center of the soma of a CX3CR1+ cell (labeled by eGFP) to the outer surface of the blood vessel (labeled by dextran). The Multiplot function in Fiji (ImageJ) was utilized to calculate the relative fluorescence intensities of GFP and Texas Red along this line, then the standard deviation of fluorescent intensity was calculated for each channel. Finally, the distance between the point where the eGFP signal decreased to zero and the Texas Red signal increased from zero was assessed. Vessel-association was defined as a distance between green and red signals as below 1 μm, and the percent vessel-associated of total CX3CR1+ cells per ROI was calculated. For Sholl and Skeleton analysis, each maximum intensity projection Z-stack image was uniformly thresholded. The Sholl analysis plugin of ImageJ was applied (40). The area under the curve generated by Sholl analysis per individual animal was calculated. CNS-myeloid cell soma size was measured using the segmented line tool in Fiji (ImageJ). Finally, a skeleton was created to assess CNS-myeloid cell morphology and branching using the AnalyzeSkeleton plugin (41).



Statistical Analysis and Reproducibility

Sample sizes were chosen on the basis of standard power analysis conducted on historical experimental groups, with alpha = 0.05 and power of 0.8. Experimenters were blinded to the identity of experimental groups for non flow-cytometric experiments. GraphPad Prism 8.0.1 software (La Jolla, CA) was used to perform statistical analyses. Data are presented as mean +/- SD. All statistical tests were performed following verification of the assumptions on the distribution of data using Shapiro-Wilk normality test and D’Agostino-Pearson normality test, and non-parametric tests were used if assumptions were not met. Multiple independent groups were compared using one-way ANOVA with Tukey’s multiple comparison test, and two group comparisons were made using unpaired Student’s t-test or Welch’s student t-test, with alpha = 0.05 for significance. Specific tests used are detailed in figure legends. All reagents and resources employed in this study are listed in Table 1.


Table 1 | Key Resources.







Results


CNS-Myeloid Cells Are the Primary Immune Cell That Upregulates MHC Class I During Viral Infection of the Brain

In order to define APCs responding to intracranial TMEV infection, we isolated cells from the brains of healthy and TMEV infected C57BL/6 mice at 7 days post infection (dpi) and used high-dimensional flow cytometry accompanied with unbiased clustering (Figure 1A). We chose 7 dpi as it is the peak of TMEV-specific CD8 T cell responses in C57BL/6 mice (44). Using the Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP) algorithm, we mapped live CD45+ populations onto a 2D space and identified 7 unique clusters of CD45+ cells, whose expression of various cell surface phenotypic markers broadly identified the population (Figures 1B and S1A, B). We manually confirmed the identity of these populations based on known surface markers and assigned manual gates in subsequent experiments (Figure S1C).




Figure 1 | Analysis of brain immune compartment reveals CNS-myeloid cells upregulate MHC class I in response to CNS-viral infection. (A) Experimental procedure. Brains were isolated from perfused naïve and TMEV-infected mice at 7 days post infection (dpi) (n=10), dissociated using manual homogenization, and stained with fluorescently tagged antibodies for analysis of antigen presenting cells using high-dimensional flow cytometry. (B) Live CD45+ cells were downsampled and pooled for Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP) analysis, identifying 7 immune cell clusters within naïve and TMEV-infected brains. (C) UMAP visualization color-coded by infection status. (D) The frequency and number of identified immune cells in the naïve brain. (E) The frequency and number of identified immune cell populations in the TMEV-infected brain at 7dpi. (F, G) UMAP visualization of CD45+ populations, colored by H-2Db expression (F) and H-2Kb expression (G), and fold change of H-2Db expression (F) and H-2Kb expression (G) at 7 dpi compared to naïve in CD45+ and CD45- cell populations. (H) CNS-myeloid cells manually gated as CD45mid CD11b+ CX3CR1+ were analyzed for H-2Db and H-2Kb expression using flow cytometry. Representative histograms, frequency of H-2Db and H-2Kb positive cells of the population, and normalized median fluorescence intensity (MFI) of H-2Db and H-2Kb on CNS-resident myeloid cells. Data are representative of ≥ 3 independent experiments and presented as mean +/- SD, 2-tailed unpaired Student’s t test with ns p ≥ 0.05. dpi, days post infection.



Consistent with prior reports, we observed that the naive mouse brain harbors primarily CNS-resident myeloid cells (93.78% +/- 1.29) (Figures 1B, C), which includes parenchymal microglia and perivascular macrophages. CD45hi B220+ B cells were the second most abundant immune cells in the naïve brain (3.134% +/- 0.77) (Figure 1D). The remaining CD45+ cells consisted of CD8 T cells (CD45hi TCRβ+ CD8α+, 0.26% +/- 0.11), CD4 T cells (CD45hi TCRβ+ CD4+, 0.34% +/- 0.15), inflammatory monocytes (CD45hi CD11b+ Ly6Chi Ly6G-, 0.24% +/- 0.11), Ly6Clow infiltrating myeloid cells (CD45hi CD11b+ Ly6Clow Ly6G-, 0.16% +/- 0.12), and ILC/NK/other (CD45hi CD11b- TCRb-B220-, 0.907 +/- 0.19) (Figure 1D). In comparison, at 7 days post TMEV infection, hematopoietic cells infiltrate the brain, resulting in reduced proportions of CNS-myeloid cells (55.53% +/- 9.39 of the total CD45+ population, Figure 1E). CD8 T cells predominated the infiltrate, making up 15.91% +/- 3.77 of the CD45+ cells, followed by 6.96% +/- 1.30 CD4 T cells, 4.361% +/- 2.18 inflammatory monocytes, 2.40% +/- 0.68 Ly6Clow infiltrating myeloid cells, 2.00% +/- 0.36 B cells, and 4.68% +/- 1.40 NK/ILC/other (Figure 1E). We did not detect neutrophils in our analyses. There were no significant differences in cell proportions or numbers when male and female mice were compared (Figure S1A).

We then assessed MHC class I expression by these populations. In the C57BL/6 mouse, two MHC class I molecules are expressed: H-2Kb and H-2Db. We found that CD45hi populations expressed both Kb and Db during the steady state, though the median fluorescence intensity (MFI) varied between populations indicating differences in expression levels (Figures 1F, G). CNS-myeloid cell expression of Kb or Db was undetectable at steady state, but both class I molecules were markedly upregulated during TMEV infection. UMAP visualization colored by H-2Db expression indicates that the highest relative H-2Db expressing cells were CNS-myeloid cells and infiltrating myeloid cells at 7 dpi (Figure 1F), while CNS-myeloid cells expressed relatively less H-2Kb compared to other CD45+ cells at 7 dpi (Figure 1G). The robust increase in MHC class I expression during TMEV infection was unique to CNS-myeloid cells, as demonstrated by fold change when all CD45+ cell types were accounted for (Figures 1F, G). CD45- cells upregulated Kb and Db but to a lesser extent than CNS-myeloid cells (Figures 1F, G). Overall, CNS-myeloid cells had the largest increase in MHC class I expression resulting from TMEV infection (Figure 1H).

In addition to upregulation of MHC class I, CNS-myeloid cells upregulated MHC class II (IA/IE) at 7 days post TMEV infection (Figure S2A). Previous studies contend that MHC class II upregulation was limited in experimental autoimmune encephalomyelitis (EAE) models (20). Nonetheless, about 45.81% +/- 11.28 of CNS-myeloid cells upregulated MHC class II at 7 days post TMEV infection, indicating that CNS-myeloid cells can express MHC class II (Figure S2A). Together, these results demonstrate that CNS-myeloid cells, the most abundant immune cells in the naïve and infected brain, upregulate both MHC class I and MHC class II during acute TMEV infection. The striking upregulation of MHC class I expression by CNS-myeloid cells suggests that CNS-myeloid cells have the potential to present antigen to infiltrating CD8 T cells during acute TMEV infection.



CNS-Myeloid Cells Are Activated and Associate With Hippocampal Vasculature During Acute TMEV Infection

Activation of CNS-myeloid cells is a common response to injury, neuroinflammation, and neurodegeneration (45, 46). We observed that CNS-myeloid cells markedly upregulated MHC class I during TMEV infection, leading us to wonder whether this was a facet of CNS-myeloid cell activation during infection. Accordingly, we assessed CNS-myeloid cell activation in the hippocampus at 7 days post TMEV infection, as the hippocampus has been reported to be a primary site of infection in C57BL/6 mice after intracranial inoculation (33). TMEV infection induced an increase in the density of hippocampal CNS-myeloid cells, indicating CNS-myeloid cell activation (Figures 2A, B). We noticed CNS-myeloid cell clustering around vasculature (Figure 2A, inset), and measured increased association of CNS-myeloid cells with vasculature during TMEV infection (Figures 2C, D). Thus, CNS-myeloid cells are positioned for interactions with CD8 T cells infiltrating the hippocampus during acute TMEV infection. Additional morphologic changes in CNS-myeloid cells were measured in TMEV infected mice, including changes from a resting “ramified” morphology to a reactive “bushy” morphology (Figure 2E), increased soma size (Figure 2F), and reduced microglial process branching and complexity during infection (Figure 2G). Flow cytometric analyses permitted us to measure additional activation metrics in CNS-myeloid cells during TMEV infection. Infection increased the frequency of CX3CR1mid side-scatter (SSC)low CNS-myeloid cells that were absent under steady state conditions (Figures S2B–D). SSC changes were consistent with CNS-myeloid cell morphological alterations observed in the hippocampus (Figure 2), and reduced CX3CR1 expression is related to the activated “damage associated microglia” (DAM) phenotype seen in neurodegenerative diseases (47). The frequency of Kb, Db, and MHC class II expressing cells was similar between CNS-myeloid cell stratifications, though differences in MFI suggest differential levels of surface protein expression indicating contrasting activation levels between CNS-myeloid cells during TMEV infection (Figure S2E). Together, our data indicate that TMEV infection induces activation of CNS-myeloid cells that includes association with hippocampal vasculature and upregulation of MHC molecules.




Figure 2 | TMEV infection induces CNS-myeloid cell activation and vessel association in the hippocampus. (A) CX3CR1+ CNS-myeloid cells (green) in representative hippocampal images from uninfected and TMEV infected (7 dpi) CX3CR1gfp/+ mice. Zoomed insets demonstrate areas in which CX3CR1+ cells cluster around vasculature. n = 3 mice (3 sections/mouse). Scale bars: 100 μm. (B) Density of hippocampal CX3CR1+ cells in naïve and TMEV infected mice. (C) Representative images of DAPI (nuclei, blue), CX3CR1 (CNS-myeloid, green), and intravascularly injected dextran (vasculature, red) in the hippocampus of naïve and TMEV-infected mice. n = 3 mice (6 sections/mouse). Scale bars: 25 μm. (D) Quantification of the proportion of CX3CR1+ cells in contact with hippocampal vasculature in naïve and infected conditions. (E) Representative images of hippocampal microglial morphology (confocal and transformed skeletal) in uninfected and TMEV infected mice (7 dpi). n = 3 mice (3 sections/mouse). Scale bars: 10 μm. (F) Quantification of hippocampal microglia soma size at 7 dpi TMEV compared to naïve. (G) Sholl analysis of microglia at 7 days post TMEV infection or during steady state. (25 microglia/section, 2 sections/mouse). Area under the curve of the Sholl analysis is used to demonstrate quantification of microglial branching during infection. Data are representative of ≥ 2 independent experiments and presented as mean +/- SD, 2-tailed unpaired Student’s t test with ns p ≥ 0.05.





CSF1R Inhibition Alters Peripheral Myeloid Cell Populations and CD8 T Cell Priming

To assess whether CNS-myeloid cells were critical APCs for CD8 T cell infiltration of the CNS, we sought to deplete CNS-myeloid cells prior to TMEV infection. Colony stimulating factor 1 receptor (CSF1R) signaling is essential for the development and survival of myeloid cells, and CSF1R inhibitors have been utilized to deplete murine microglia in experimental settings (48). We depleted CNS-myeloid cells by providing mice with the CSF1 inhibitor PLX3397 or control chow for 2 weeks. We then infected these mice with TMEV upon the start of week 2 (Figure S3A). PLX3397 treated mice were protected from acute weight loss as a result of TMEV infection (Figure S3B) but began to succumb to infection at 5 dpi. PLX3397 depleted CNS-myeloid cells as previously reported (Figure S3C). However, we found that PLX3397 treatment altered the total number of cells isolated from the spleen (Extended Data Figure S3D) and the proportion and number of CD11c+ cells and MHC II+ cells, implying peripheral T cell priming by dendritic cells would be impaired (Figure S3D). Indeed, virus-specific CD8 T cells primed in the spleen were reduced upon PLX3397 treatment (Figure S3D). Taken together, we determined that PLX3397 was not specific enough for our experimental question due to off-target effects on peripheral immunity in addition to CNS-myeloid cell ablation.



Development of a CNS-Myeloid Cell MHC Class I Deletion Model

Our approach using CSF1R inhibition to reduce CNS-myeloid cells unintentionally disrupted peripheral immunity. Therefore, we developed a more CNS-specific approach to dissect the role of CNS-myeloid cell antigen presentation using conditional ablation of H-2Kb or H-2Db expression. CX3CR1creER mice on a MHC class I deficient background were crossed to either H-2Kb fl/fl or H-2Db fl/fl transgenic mice that were otherwise MHC class I deficient (13, 14). This resulted in two strains of mice carrying the CX3CR1creER transgene, with either a floxed H-2Kb gene (CX3CR1cre/Kb) or H-2Db gene (CX3CR1cre/Db) but no other MHC class I molecules. We specifically deleted H-2Kb or H-2Db in CNS-myeloid cells by taking advantage of the long-lived, self-renewing nature of these cells in comparison to peripheral CX3CR1-expressing cells. To this end, we allowed 6-weeks to pass after tamoxifen treatment while peripheral CX3CR1-expressing cells were restored by H-2Kb or H-2Db sufficient hematopoietic precursors, and CNS-myeloid cells remained H-2Kb or H-2Db deficient. We then used flow cytometry to assess MHC class I deletion efficiency (Figures 3A, B).




Figure 3 | Development of a model to conditionally delete MHC class I in CNS-myeloid cells. (A, E) MHC class I deficient CX3CR1creER mice were crossed to transgenic H-2Kb fl/fl mice (14) (A) or H-2Db fl/fl mice (13) (E). Tamoxifen was used to induce MHC class I deletion. After 6 weeks, Kb/Db deletion was assessed using flow cytometry. (A–D) H-2Kb expression by CNS-myeloid cells was quantified by measuring percent positive and normalized median fluorescence intensity (MFI) in naïve CX3CR1cre/Kb mice and cre- controls. YFP expression was measured to assess penetrance of CX3CR1creER transgene. (C) H-2Kb expression was assessed in spleens of CX3CR1cre/Kb mice and cre- controls. (D) H-2Kb expression by CNS-myeloid cells was quantified at 7 days post infection with TMEV expressing OVA257-264. (F) H-2Db expression by CNS-myeloid cells was quantified by measuring percent positive and normalized median fluorescence intensity (MFI) in naïve CX3CR1cre/Db mice and cre- controls. YFP expression was measured to assess penetrance of CX3CR1creER transgene. (G) H-2Db expression was assessed in spleens of CX3CR1cre/Db mice and cre- controls. (H) H-2Db expression by CNS-myeloid cells was quantified at 7 days post infection with TMEV. For all experiments, CNS-myeloid cells are live, single cells, expressing CD45midCD11b+CX3CR1+. Data are shown as individual mice with mean from one independent experiment (n=3-6) of ≥ 3 experimental replicates. Error bars represent standard deviation. Two tailed Welch’s t test was used to assess statistical significance with ns p ≥ 0.05.



The CX3CR1cre/Kb system led to the robust deletion of H-2Kb in CNS-myeloid cells at baseline and during infection with TMEV expressing the model antigen ovalbumin (OVA257-264), which is presented in the Kb MHC class I molecule (Figures 3B, D) (34). High YFP expression indicated that the majority of CNS-myeloid cells were targeted by this transgenic creER approach during naïve and infected conditions (Figure 3B). Expression of H-2Kb was efficiently restored on peripheral immune cells through hematopoiesis, as there were no differences in the frequency of H-2Kb+ CD45+ cells in the spleens of cre+ mice compared to cre- controls (Figure 3C). CX3CR1cre/Db mice were similarly evaluated (Figures 3E–H). CNS-myeloid cells from CX3CR1cre/Db mice expressed significantly less H-2Db than cre- animals during naive conditions and during infection with TMEV (Figures 3F, H). We observed appropriate surface expression of H-2Db in splenic immune cells (Figure 3G). These results demonstrate that CX3CR1cre/Kb mice and CX3CR1cre/Db have sufficient deletion of Kb or Db expression by CNS-myeloid cells to allow assessment of antigen presentation by this cell type.

It has been reported that creERT2 lines such as the CX3CR1creER used in this study have the potential to exhibit spontaneous, tamoxifen-independent excision of LoxP sites (49), so we assessed the extent to which this occurred in our conditional knockout mice. We determined that CX3CR1cre/Db mice treated with vehicle injections exhibited Db expression comparable to cre- controls (Figures S4A–C). Accordingly, cre- littermate controls were appropriate for the remainder of our studies. Altogether, we concluded that CX3CR1cre/Kb and CX3CR1cre/Db mice are robust systems to specifically delete CNS-myeloid cell H-2Kb or H-2Db during neuroinflammation, providing a valuable tool for studying CNS-myeloid cell antigen presentation without unintended consequences on peripheral immunity.



CX3CR1-Dependent H-2Kb or H-2Db Deletion Does Not Impact CNS-Myeloid Cell Homeostasis or T Cell Development

We next sought to investigate if there were any cell-intrinsic consequences of loss of MHC class I on CNS-myeloid cells. We determined that the numbers of CNS-myeloid cells isolated from the brains of CX3CR1cre/Kb and CX3CR1cre/Db animals were comparable to cre- controls at baseline and during infection (Figures S5A–D). These data indicate that a loss of MHC class I expression on CNS-myeloid cells does not impact the survival of CNS-myeloid cells in the naïve or inflamed CNS. We then assessed whether loss of MHC class I had an impact on CNS-myeloid cell activation by performing Iba1 immunostaining in naïve- and TMEV-infected CX3CR1cre/Db hippocampi. We determined that CNS-myeloid cell activation in response to TMEV infection was not impacted by CNS-myeloid cell loss of H-2Db expression (Figures S5E–G).

Following our analysis of the cell-intrinsic impact of MHC class I deletion, we sought to determine if conditional deletion of MHC class I on CX3CR1-expressing cells impacted T cell development. Using flow cytometry, we determined that thymocyte populations were unaffected by loss of Kb or Db by CX3CR1-expressing cells (Figures S6A–C, E–G). Further, splenic CD4 and CD8 T cell frequencies were similar in CX3CR1cre/Kb and CX3CR1cre/Db mice compared to controls (Figures S6D, H). Together, these data indicate that loss of MHC class I molecules on CX3CR1-expressing cells does not impact CNS-myeloid cell survival and activation, nor T cell development, providing a precise tool to dissect CNS-myeloid cell antigen presentation.



H-2Kb Expression by CNS-Myeloid Cells Is Dispensable for CD8 T Cell Responses to a Model Antigen

After confirming that CX3CR1cre/Kb animals served as a specific model of Kb deletion from CNS-myeloid cells, we sought to test whether CNS-myeloid cell H-2Kb is required for brain infiltration of CD8 T cells. Infection of C57BL/6 mice by TMEV engineered to express the model antigen OVA257-264 (TMEV-OVA) generates CD8 T cell responses against viral antigens and OVA (34). We intracranially infected CX3CR1cre/Kb animals and controls with TMEV-OVA (consistent with the experimental design detailed in Figure 3A) and assessed CD8 T cell responses in the spleen, cervical lymph node (cLN), and brains of these mice. The cLN is the putative site of T cell priming against CNS-drained antigens (12, 13), and the spleen reflects systemic CD8 T cell responses against virus. The frequencies of CD8 T cells and OVA-specific CD8 T cells in the spleens and cLNs of CX3CR1cre/Kb and cre- controls were comparable (Figures 4A, B, D). Further, the frequencies of naïve (CD44-CD62L+), effector (CD44+CD62L-), and central memory (CD44+CD62L+) CD8 T cells in the spleens of CX3CR1cre/Kb mice did not differ from cre- controls (Figure 4C). These data indicate that T cell priming occurs normally in CX3CR1cre/Kb mice, which was expected, given Kb expression in the periphery was unaltered. We next sought to determine the extent of immune infiltration into the TMEV-OVA infected brain when CNS-myeloid cell Kb expression was disrupted. We found no differences in CD8 T cell (Figures 4E, F), OVA-specific CD8 T cell (Figures 4G, H), CD4 T cell (Figure 4I), or inflammatory monocyte (Figure 4J) infiltration of the brain, indicating H-2Kb MHC class I expression by CNS-myeloid cells is dispensable for neuroinflammation during TMEV-OVA infection of the brain.




Figure 4 | Deletion of H-2Kb in CNS-myeloid cells does not impact CD8 T cell responses to the Kb restricted antigen OVA257-264 during CNS-viral infection. Experimental strategy is identical to Figure 3A, in which tamoxifen administration in CX3CR1cre/Kb mice and cre- controls is followed by a 6-week reconstitution period before intracranial (i.c.) infection with TMEV-OVA257-264. Spleens, lymph nodes, and brains were isolated and analyzed by flow cytometry at 7 days post infection to assess antiviral responses. (A, B) Quantification of CD8+ T cells (A) and Kb: OVA257-264+ CD8 T cells (B) in the spleens of infected mice. (C) Proportion of naïve (CD44-CD62L+), effector (CD44+CD62L-), and central memory (CD44+CD62L+) CD8 T cells in the spleens of infected mice. (D) Quantification of CD8+ T cells in the CNS-draining deep cervical lymph node (dCLN) of infected animals. (E) Representative flow cytometry plots, and (F) quantification of total CD8 T cells infiltrating the brain at 7 days post infection in CX3CR1cre/Kb mice compared to controls. (G) Representative flow cytometry plots, and (H) quantification of total Kb: OVA+ CD8 T cells infiltrating the brain at 7 days post infection. (I) Quantification of CD4 T cells recovered from the brains of cre- and CX3CR1cre/Kb mice during infection. (J) Inflammatory monocytes recovered from the brains of infected cre- and CX3CR1cre/Kb mice are quantified. Data are shown as individual mice with mean from one independent experiment (n=3-6) of ≥ 3 experimental replicates. Error bars represent standard deviation. Two tailed Welch’s t test was used to assess statistical significance with ns p ≥ 0.05.





H-2Db Expression by CNS-Myeloid Cells Is Pivotal for Neuroinflammatory Responses to TMEV

Because we observed that CNS-myeloid cell expression of Kb did not impact immune infiltration of the brain during infection with TMEV-OVA (Figure 4), we next sought to investigate CNS-myeloid cell antigen presentation via the Db molecule. H-2Db, but not H-2Kb, has been mapped to resistance from chronic TMEV infection (50–52). This is attributed to viral clearance by CD8 T cell responses against the immunodominant viral VP2121-130 peptide antigen presented in context of the Db class I molecule (30). Therefore, we asked whether CNS-myeloid cell H-2Db expression is required for brain infiltration of Db: VP2121-130 epitope specific CD8 T cells during acute TMEV infection. We intracranially infected CX3CR1cre/Db animals and controls with TMEV (same experimental paradigm as Figure 3E) and assessed CD8 T cell responses in the spleen, cLN, and brains of these mice. The frequencies of CD8 T cells, and Db : VP2 epitope specific CD8 T cells, in the spleens and cLNs of CX3CR1cre/Db and control mice were comparable demonstrating that T cell priming is unaltered in CX3CR1cre/Db mice (Figures 5A, B, D). The frequencies of naïve (CD44-CD62L+), effector (CD44+CD62L-), and central memory (CD44+CD62L+) CD8 T cells in the spleens of CX3CR1cre/Db and control mice also did not differ between genotypes (Figure 5C). These data indicate that CD8 T cell priming occurs normally in CX3CR1cre/Db mice, which is consistent with the observation that peripheral Db expression was equivalent (Figure 3G).




Figure 5 | Deletion of H-2Db in CNS-myeloid cells reduces neuroinflammatory responses to the Db restricted viral antigen VP2121-130 during TMEV infection of the CNS. Experimental strategy is identical to Figure 3E, in which tamoxifen administration in CX3CR1cre/Db mice and cre- controls is followed by a 6-week reconstitution period before i.c. infection with TMEV. Spleens, lymph nodes, and brains were analyzed by flow cytometry at 7 days post infection to assess antiviral responses. (A, B) Quantification of CD8+ T cells (A) and Db : VP2+ CD8 T cells (B) in the spleens of infected mice. (C) Proportion of naïve (CD44-CD62L+), effector (CD44+CD62L-), and central memory (CD44+CD62L+) CD8 T cells in the spleens of infected mice. (D) Quantification of CD8+ T cells in the dCLN of infected animals. (E) Representative flow cytometry plots, and (F) quantification of CD8 T cells infiltrating the brain at 7 dpi in CX3CR1cre/Db mice compared to controls. (G) Representative flow cytometry plots, and (H) quantification of total Db : VP2+ CD8 T cells infiltrating the brain at 7 dpi. (I) Quantification of CD4 T cells recovered from the brains of mice during infection. (J) Inflammatory monocytes recovered from the brains of infected mice are quantified. (K) BrdU was administered intraperitoneally at day 6 post infection and BrdU incorporation into brain-infiltrating CD8 T cells was quantified. (L) Viability dye incorporation was measured in CD8 T cells isolated from the brains of infected mice. Data are shown as individual mice with mean from one independent experiment (n=3-6) of ≥ 3 experimental replicates. Error bars represent standard deviation. Two tailed Welch’s t test was used to assess statistical significance with ns p ≥ 0.05.



In contrast to the equivalent peripheral T cell responses, we recovered reduced brain infiltrating cells in CX3CR1cre/Db mice at 7 dpi with TMEV suggesting that immune infiltration of the brain was affected (Figure 5). CX3CR1cre/Db mice had a diminished number of total infiltrating CD8 T cells in the brain, as well as reduced virus specific (Db : VP2121-130 epitope specific) CD8 T cells infiltrating the brain (Figures 5E–H). We also noted a reduction in the frequency of inflammatory monocytes in the brains of CX3CR1cre/Db animals as compared to controls (Figure 5J). There were no other differences in immune infiltrates observed in CX3CR1cre/Db animals, harboring comparable CD4 T cells responses (Figure 5I), indicating the reduced immune infiltration of the brain was attributable to CNS-myeloid cell Db loss.

To determine whether the reduced number of infiltrating T cells in CX3CR1cre/Db mice was due to decreased T cell proliferation, infected CX3CR1cre/Db and cre- animals were given bromodeoxyuridine (BrdU) intraperitoneally at day 6 post infection and assessed at day 7 post infection. BrdU incorporation in CD8 T cells revealed no changes in T cell proliferation in CX3CR1cre/Db mice, indicating that the reduced CD8 T cell response in the brain was not due to proliferation defects (Figure 5K). Given similar cellular proliferation, we asked whether CD8 T cells infiltrating the brain experienced increased cell death, but uncovered no differences in T cell viability in CX3CR1cre/Db mice compared to controls (Figure 5L). Thus, CNS-myeloid cell antigen presentation has a critical role for CD8 T cell and inflammatory monocyte infiltration when these cells are presenting the immunodominant antigen during TMEV infection, independent of T cell proliferation or viability.



CNS-Myeloid Cell Antigen Presentation Impacts TMEV Specific CD8 T Cell Responses at the Point of Brain Infiltration

Our approach targeting CX3CR1-expressing cells to conditionally delete H-2Db is designed to impact only long-lived CNS-myeloid cells. However, to further rule out the contribution of peripheral APCs towards CD8 T cell infiltration, we sought to confirm our findings using a bone marrow chimeric approach. Cre- littermates and CX3CR1cre/Db animals were lethally irradiated and provided with wild type bone marrow, generating mice in which the CX3CR1creER transgene is only present in the CNS immune compartment while hematopoietic cells are wild type (Figure 6A). In chimeric CX3CR1cre/Db animals, we found that infiltration of total CD8 T cells to the brain was unaltered, while virus antigen specific CD8 T cell brain infiltration was reduced (Figures 6B–D). Inflammatory monocyte infiltration was also reduced in CX3CR1cre/Db chimeras (Figure 6E). These findings suggest that CD8 T cell and inflammatory monocyte responses in the brain are specifically impacted by CNS-myeloid cell antigen presentation.




Figure 6 | Deletion of H-2Db in only CNS-myeloid cells reduces immune infiltration following TMEV infection. (A) Bone marrow chimeras were generated by lethal irradiation of recipient cre- littermates and CX3CR1cre/Db mice followed by reconstitution with WT congenic (Thy1.1) bone marrow. Six weeks later, after validation of chimerism, chimeric mice received intraperitoneal tamoxifen treatment. After recovery, chimeric mice were intracranially infected with TMEV to assess antiviral responses. (B–C) The frequency and number of CD8 T cells (B) and VP2-specific CD8 T cells (C) recovered from the brains of cre- and CX3CR1cre/Db mice. (D) A new set of chimeras were generated with the addition of a CX3CR1cre/Db group treated with vehicle control. The frequency of Db : VP2+ CD8 T cells recovered from the brains of these chimeras was quantified. (E) Quantification of Ly6Chi infiltrating inflammatory monocytes recovered from the brains of chimeric cre- and CX3CR1cre/Db mice. Data are shown as individual mice with mean from one independent experiment (n=3-6) of ≥ 3 experimental replicates. Error bars represent standard deviation. Two tailed Welch’s t test or one-way ANOVA with Tukey’s correction were used to assess statistical significance with ns p ≥ 0.05.





CNS-Myeloid Cell Antigen Presentation to Virus-Antigen Specific CD8 T Cells via H-2Db Impacts Brain Atrophy

Given that CNS-myeloid cell deletion of H-2Db resulted in reduced immune infiltration at 7 days post TMEV infection, we next investigated outcomes of viral infection in CX3CR1cre/Db animals. We found that CX3CR1cre/Db animals experienced reduced weight loss during TMEV infection (Figure 7A). Next, we measured viral load over the course of infection. TMEV infection is generally cleared between 14-28 days post inoculation (33), and we determined that CX3CR1cre/Db animals were able to clear infectious virus particle with the same kinetics as cre- controls despite reduced immune infiltration (Figure 7B), indicating that reduced immune infiltration when CNS-myeloid cells lacked expression of H-2Db did not impact clearance of infectious virus.




Figure 7 | H-2Db expression by CNS-myeloid cells impacts antiviral immunity and brain atrophy. Experimental strategy is identical to Figure 3E, in which tamoxifen administration in CX3CR1cre/Db mice and cre- controls is followed by a 6-week reconstitution period before i.c. infection with TMEV. (A) Weight loss over the course of infection is measured in cre- and CX3CR1cre/Db mice. (B) Infectious viral load in whole brain homogenates at 5-, 7-, 14-, and 21-days post infection is measured by plaque assay in cre- and CX3CR1cre/Db mice. (C) Representative 2D images and 3D renderings of lateral ventricle volumes obtained by T2 weighted MRI of cre- and CX3CR1cre/Db mice during naïve conditions and after recovery from TMEV infection (45 dpi). Images were analyzed using Analyze 12.0 (D) Lateral ventricle volume is quantified for naïve and TMEV-recovered cre- controls and CX3CR1cre/Db mice. (E) Fold change in lateral ventricle volume from naïve to 45dpi is quantified for TMEV-recovered cre- controls and CX3CR1cre/Db mice. Data are shown as individual mice with mean from one independent experiment (n=3-13) of ≥ 2 experimental replicates. Error bars represent standard deviation. Two tailed Welch’s t test or one-way ANOVA with Tukey’s correction were used to assess statistical significance with ns p ≥ 0.05. * denotes P < 0.05, ** denotes P < 0.001.



We next evaluated whether CX3CR1cre/Db mice experienced altered neuropathological outcomes resulting from immune responses against TMEV. Cells of the innate immune system infiltrate the brain within 24 hours post TMEV infection and are linked to virus-independent apoptosis of hippocampal neurons and cognitive impairment (53). Both CX3CR1cre/Db and cre- animals that recovered from TMEV infection experienced loss of hippocampal neurons and cognitive impairment measured using the Novel Object Recognition test (NOR) (Figure S7), indicating that this outcome was not impacted by CNS-myeloid cell expression of Db.

Notwithstanding, reduced immune infiltration could also impact brain atrophy associated with TMEV infection. We have previously shown that brain atrophy, which includes cellular loss, degradation of extracellular matrix, and/or loss of extracellular proteins, is dependent on the Db MHC class I molecule and T cells, suggesting a direct link between CD8 T cell responses and atrophy (38). Post-infectious brain atrophy was measured by lateral ventricle volume in a T2 weighted MRI. Consistent with previous reports, we found that cre- controls experienced significant brain atrophy at 45 dpi in comparison to naïve cre- counterparts (Figures 7C–E). CX3CR1cre/Db animals did not experience brain atrophy post infection when compared to naïve CX3CR1cre/Db controls (Figures 7C–E). These results indicate that CNS-myeloid cell antigen presentation via H-2Db contributes to the onset of brain atrophy induced by TMEV infection.




Discussion

The role of local antigen presentation in promoting T cell infiltration of the CNS during neuroinflammation is not entirely understood. Herein, we present a characterization of APCs in the naïve and virally infected brain. We identify CNS-resident myeloid cells, microglia and perivascular macrophages, as local APCs that become activated and upregulate MHC class I molecules during infection. We analyzed the ability of CNS-myeloid cells to promote CD8 T cell trafficking into the brain parenchyma upon viral challenge with both Kb or Db restricted antigens, and determined differential requirements for Kb and Db expression during acute viral infection. Further, we determined that reducing the antiviral immune response attenuated the development of brain atrophy while still promoting mechanisms of viral clearance, implying that local antigen presentation augments neuropathology in the CNS. Our work provides evidence that CNS-myeloid cells can act as APCs in vivo to mediate CNS inflammation.

Microglia and CNS-macrophages play a key role in antiviral defenses during CNS viral infections and can promote T cell effector functions in the CNS (54). The field has relied heavily on whole cell depletion experiments to assess the contribution of microglia to antiviral defenses. Caution is necessary when interpreting studies employing CSF1R inhibitors to deplete microglia during viral infection, as off-target effects on peripheral immunity were observed in our study and others (55, 56). This aside, Waltl et al. revealed microglia are key in controlling TMEV propagation and clearance in C57BL/6 mice, positing this was likely due to microglial:T cell interactions (57). Our data demonstrate that CNS-myeloid cells are positioned to present antigen to modulate antigen-specific CD8 T cells attempting to infiltrate the brain through the BBB during TMEV infection. Importantly, CNS-myeloid cells are not directly infected by TMEV, but may cross-present exogenous antigens such as viral peptides acquired from adjacent infected neurons to impact CD8 T cell infiltration of the CNS during infection (24, 58). Our work investigating antigen presentation by CNS-myeloid cells during TMEV infection using transgenic mice adds to this body of literature, and extends the possibility that CNS-myeloid cells cross-present antigen derived from infected neurons to modulate CD8 T cell infiltration in response to infection.

MHC class I molecules play multiple roles in immunity, including regulation of CD8 T cell development and cytotoxic activity. In the CNS, MHC class I plays a key role in neuronal development, synaptic plasticity, and axonal regeneration (59). Nonetheless, in our analysis, CNS-myeloid cells exhibited no obvious development or activation defects upon loss of MHC class I expression. Whether deletion of MHC class I by CNS-myeloid cells during embryogenesis impacts CNS development remains to be studied. MHC class I molecules are also major inhibitory receptors for NK cells, and lack of expression can trigger NK-mediated killing (60). However, our data indicate that CNS-myeloid cells lacking Kb and Db were not reduced in population and hence are not killed by NK cells. This is in contrast to what has been reported for β2m floxed mice, a model that ablates H-2Kb/H-2Db as well as nonclassical MHC class I molecules and can impact NK cell licensing and recognition (58). We therefore contend that our cre-lox strategy specific for Kb and Db provides a means to study discrete contributions of each MHC class I molecule in isolation without off-target effects from Class Ib molecules.

The data presented herein demonstrate that CNS-myeloid cells are required for immune infiltration of the brain in a context-dependent manner. The difference between Kb and Db may be explained by the importance of the H-2Db molecule in driving CD8 T cell recognition of the immunodominant epitope of TMEV. However, the engineered TMEV-OVA virus experiences an attenuation in virulence as compared to the wt virus (34), potentially impacting our results. Nonetheless, we posit that Kb/Db differences extend beyond CD8 T cell recognition of TMEV/TMEV-OVA and infer differences between Kb and Db during neuroinflammation. We found that Kb and Db were expressed in differing levels by immune cells in the naïve and infected CNS. The H-2K and H-2D genes are differentially expressed by unique subsets of neurons in the developing and mature CNS, indicating different functionality (61). Whether Kb and Db differentially impact antigen presentation during other neuroinflammatory conditions remains to be studied.

In this study, CNS-myeloid cell antigen presentation impacted antiviral CD8 T cell and inflammatory monocyte infiltration of the brain. CD8 T cells have the ability to secrete chemokines that attract pathogenic monocytes during lymphocytic choriomeningitis virus (LCMV) infection (62). Our findings contend that recruitment of monocytes to the brain is augmented by antigen presentation and CD8 T cell responses, and CD8 T cells may produce chemoattractants such as CCL2 to promote monocytic brain infiltration (63). Despite this, CNS-myeloid cell antigen presentation did not alter hippocampal neuron damage, perhaps due to intact early innate immune processes with the capacity to contribute to neuronal loss (53). Mice with defects in CNS-myeloid cell antigen presentation were however protected from brain atrophy. Our working model is that damage to hippocampal neurons occurs within the first few days as a result of innate immune processes, while local antigen presentation via H-2Db drives CD8 T cells that contribute to brain atrophy in regions outside of the hippocampus. It is therefore conceivable that brain atrophy can be attenuated by reducing antiviral CD8 T cell infiltration, and CD8 T cell infiltration is likely mediated by local antigen presentation by CNS-myeloid cells. Given the recent link between CD8 T cells and neurodegenerative conditions such as Alzheimer’s disease and Parkinson’s disease, our findings are highly relevant to neurologic disease (8–10).

Our findings suggest that additional APCs must play a role in antiviral immune infiltration of the CNS. Meningeal APCs can promote CD4 T cell infiltration of the inflamed CNS (64). However, meningeal antigen presentation to CD8 T cells remains to be investigated. Critical APCs may also include glial cells, such as oligodendrocyte precursor cells (OPCs), which cross present antigen via MHC class I when exposed to IFNγ during demyelination (65). The contribution of additional APCs to promoting CD8 T cell infiltration of the inflamed CNS will be the topic of further investigation.

The classical view of antiviral T cell responses posits that once activated CD8 T cells search for cognate peptide presented on MHC class I by infected cells after infiltrating the tissue. While once controversial, direct CD8 T cell engagement with neurons during neuroinflammation is becoming more widely accepted and may play a critical role in pathogen clearance. Our group has observed CD8 T cells forming immune synapses with TMEV infected neurons during acute infection (66). Similarly, latent herpes simplex virus 1 (HSV) reactivation is modulated by CD8 T cells recognizing cognate antigen presented by neuronal MHC class I (5). Finally, neuronal antigen presentation is required for CD8 T cell mediated clearance of the Toxoplasma gondii parasite in multiple phases of infection (67). It is unknown whether neuronal MHC class I plays a key role in CD8 T cell containment of TMEV or TMEV-OVA, though these studies are ongoing. Overall, our results suggest that CNS-myeloid cells play a role in promoting CD8 T cell infiltration of the infected CNS in an antigen-dependent manner, but compensatory mechanisms exist that promote viral clearance. Thus, MHC class I expression on multiple CNS cell types may be required for unique immunological mechanisms that promote CD8 T cell infiltration through brain barriers and CD8 T cell mediated viral clearance in a cell-specific manner.

In conclusion, our study sheds light on the importance of CNS-myeloid cell antigen presentation during CNS viral infection and reveals marked differences between the H-2Kb and H-2Db MHC class I molecules. These findings have important implications for our understanding of CD8 T cell mediated antiviral immunity and immunopathology in the CNS, as considerable focus has been exclusively placed on antigen presentation by the H-2Kb molecule due to the wide availability of reagents and model antigens. Our study also emphasizes the importance of MHC class I antigen presentation in the CNS in the context of neurodegeneration. Further investigation of the roles of specific MHC class I alleles and antigen presentation by discrete cell types will be crucial, especially given increasing literature linking CD8 T cell responses to aging and neurodegenerative diseases. These studies should offer new insights into the therapeutic potential of targeting CNS infiltration of antigen-specific T cells as a means to attenuate T cell mediated brain atrophy in neurological disease (8–10, 68).
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Objectives: The aim of this pilot study was to evaluate dynamic thiol-disulfide homeostasis as a novel oxidative stress parameter in multiple sclerosis (MS), neuromyelitis optica spectrum disorders (NMOSD), and myelin oligodendrocyte glycoprotein antibody-associated disease (MOGAD) to better understand the role of thiol homeostasis in neuroimmunological diseases.

Methods: A total of 85 participants were included in this study, consisting of 18 healthy controls, 52 patients diagnosed with MS, seven with NMOSD, and eight with MOGAD. We measured total thiol (–SH+-S–S–) and native thiol (–SH) levels in the serum of all the participants, and in a subset of patients (n = 11), these parameters were investigated in paired cerebrospinal fluid (CSF) and serum samples. Dynamic disulfide concentrations were calculated separately. Finally, we determined if there was any relationship between clinical features and dynamic thiol homeostasis.

Results: There was a statistically significant difference between serum and CSF levels of biomarkers of thiol homeostasis. Serum total thiol (317.88 ± 66.04) and native thiol (211.61 ± 44.15) levels were significantly lower in relapsed patients compared to those in remission (368.84 ± 150.36 vs. 222.52 ± 70.59, respectively).

Conclusions: Oxidative stress plays a crucial role in the physiopathology of neuroimmunological diseases. Thiol homeostasis may be useful for monitoring disease activity.

Keywords: multiple sclerosis, neuromyelitis optica spectrum disease, myelin oligodendrocyte glycoprotein, thiol, oxidative stress


INTRODUCTION

Multiple sclerosis (MS) is a chronic autoimmune demyelinating disease of the central nervous system (CNS) that causes neuronal damage which underlies many of the clinical features. It was first described by Jean-Martin Charcot in 1868 and is the most common cause of physical and cognitive disability in young adults (1). It has been estimated that ~2.3 million people worldwide suffer from MS (2). The disease is thought to occur in genetically susceptible individuals as a result of environmental factors and potential triggers such as Epstein Barr virus seropositivity, obesity, smoking, and Vitamin D deficiency. However, the exact cause of MS remains unknown (3–7). Myelin sheaths, oligodendrocytes, and inevitably, axons and neurons are damaged. MS is characterized by the presence of demyelinated areas called plaques in the brain and spinal cord. In early stages of the disease, the permeability of the blood–brain barrier increases due to the migration of peripheral immune cells to the central nervous system, and a significant inflammation of the parenchyma is observed (8). Importantly, both neuroinflammation and oxidative stress, which are closely interrelated, play a crucial role in the pathophysiology of MS (9–11). MS can be diagnosed based on various clinical presentations ranging from motor and autonomic dysfunction to psychobehavioral deficits (12–14). Although the presentation of the disease is generally relapsing–remitting (85%), ~15% of it is progressive from the onset. Secondary progression occurs in the later stages of the disease in most patients with relapsing–remitting MS (9).

Neuromyelitis optica spectrum disorder (NMOSD) is a type of astrocytopathy in which aquaporine-4 (AQP4)-IgG antibodies bind to AQP4 water channels on the end feet of astrocytes, leading to immune-mediated inflammation and secondary demyelination that can occur in varying degrees (15, 16). This disease is typically characterized by clinically moderate to severe attacks, and secondary progression is not usually seen. It is more common in middle-aged women, and complete recovery after attacks is usually rare (17, 18).

Myelin oligodendrocyte glycoprotein (MOG)-Ab-associated disease (MOGAD) has been proposed to be distinctly different from seronegative NMOSD. In this context, anti-MOG antibodies are developed against MOG protein expressed on myelin sheath and oligodendrocytes (19). Although MOGAD can occur at any age, younger adults are more susceptible. The course of the disease is characterized by monophasic or relapsing features. Currently, the relationship of MOGAD with MS and NMOSD is being discussed. Although this disease has clinical and radiological similarities with NMOSD and MS, the current trend is to classify MOGAD as a different entity from MS and NMOSD (20–23).

Multiple sclerosis treatment has emerged in the last 15 years. Today, there are different choices of disease-modifying treatments for different phases of the disease and medications with different immune actions. Glatiramer acetate and interferon beta 1a, teriflunomide, and dimethyl fumarate are the first-line drugs, whereas there are anti-CD20 treatment options as ocrelizumab and barrier blockers as natalizumab and fingolimod. For neuromyelitis optica, there are guidelines for using rituximab, azathioprine, mycophenolate mofetil, and eculizumab (15, 24).

Autoimmune mediated inflammatory tissue damage increases the production of reactive oxygen molecules that cause cell damage ultimately leading to cell death. In order to maintain the balance at the cellular level, the antioxidant system is activated in response to the production of reactive oxygen molecules (25). If the balance between these systems is not maintained, oxidative stress can emerge at the cellular level. There are many antioxidant defense mechanisms at the cellular level to eliminate oxidative stress, such as the glutathione system, catalase, thioredoxin-peroxiredoxin, alpha-ketoglutarate dehydrogenases, and endogen and exogen antioxidant molecules (26, 27). However, the measurement of only one of these does not give us adequate information about oxidative balance. Thiol-disulfide homeostasis is one of the most common parameters used to evaluate the redox balance in organisms. Thiols are organic complexes that contain a sulfur and a hydrogen group attached to a carbon. Reactive oxygen species (ROS) transfer their excess electrons to thiols, thus oxidizing them. As a result of this process, disulfide bonds are formed. These disulfide bonds are then broken down depending on the oxidant-antioxidant status of organism. Thiols are considered to be antioxidant molecules due to their reducing properties. This chain of events is termed dynamic thiol-disulfide homeostasis (28–31). Therefore, by evaluating this dynamic homeostasis, we can determine the oxidative status of an individual without having to measure oxidant and antioxidant molecules separately with a single run.

Neuroinflammation is one of the most common pathways seen in diseases associated with neurodegeneration (32). Importantly, certain diseases, particularly those characterized by neuroinflammation of the CNS, can lead to increased risk of oxidative stress and high oxygen consumption in the CNS. Thiol-disulfide homeostasis has been shown to play a role in the pathogenesis of many diseases, including cardiovascular diseases, rheumatoid arthritis, Parkinson, Alzheimer's, amyotrophic lateral sclerosis, and MS (33–38).

Previous studies have reported on the association between MS and oxidative stress (39, 40). Moreover, many studies using blood, cerebrospinal fluid, and post-mortem brain samples from patients with MS have shown impairments in reduction-oxidation (redox) homeostasis (26). However, no study to date has assessed MS, NMOSD, and MOGAD and their relationship with thiol-homeostasis. Although there have been hypotheses about the pathophysiology of the inflammatory CNS diseases that can mimic MS in the last decade, there are still many gaps that need to be filled. Although the relationship between inflammation and oxidative stress has been demonstrated in the pathophysiology of MS, this relationship is not yet clear in diseases such as NMOSD and MOGAD (15). In this study, we tried to fill these gaps in the disorders.

Distinguishing MS from CNS diseases that can mimic MS is important in terms of therapeutic and prognostic approach. In this context, thiol-disulfide homeostasis would not only provide information about the oxidative status but perhaps distinguish these diseases from each other.

In this study, we aimed to evaluate dynamic thiol-disulfide homeostasis in different subgroups of MS, NMOSD, and MOGAD patients along with their clinical features compared to healthy controls (HCs).



METHODS


Subjects

In total, seven patients with AQP4-Abs + NMOSD (seven serum samples), eight patients with MOG-Abs+MOGAD (eight serum samples), and 52 patients with seronegative MS (52 serum, 11 CSF samples, and 11 paired samples) were enrolled in the study. The MS group consisted of three subgroups: (1) relapsing-remitting MS (RRMS), n = 31; (2) secondary progressive MS (SPMS), n = 15; and (3) primary progressive MS (PPMS), n = 6. All patients with CSF samples were newly diagnosed by neurologists (RRMS = 11 CSF samples).

Serum samples were also collected from 18 HCs (18 serum samples) who were sex- and age-matched to the patient cohort. Both AQP4-Abs and MOG-Abs were verified twice (>1:40 titer) by a commercially available fixed cell-based assay (Euroimmun, Lubeck, Germany). Serum and CSF samples were collected at the Department of Neurology, Hacettepe University (Ankara, Turkey) and then stored at −80°C in the Department of Medical Biochemistry, Gazi University (Ankara, Turkey). Additional CSF samples were gathered within patients undergoing relapse. All samples were collected between January 1, 2019, and January 1, 2020 with a maximum of 2 months between the symptom onset of relapse and sample collection. The treatment-naive group consisted of patients (n = 30) who had not received steroid treatment in the last month and who had not been treated with immunomodulatory therapy in the last 3 months before sample collection. Our cohort also included patients who received different types of immune modulator therapy (n = 37) in addition to the treatment-naive group (all of the treatment-naive patients were in MS subtypes).



Diagnosis, Clinical Evaluation, and Data Collection

AQP4-Abs-positive NMOSD and MOG-Abs-positive MOGAD patients were diagnosed according to previously determined consensus criteria (18). MS diagnosis was made according to the modified McDonald criteria (9). Medical records, laboratory data, and magnetic resonance imaging (MRI) findings of the patients were reviewed retrospectively. We carried out clinical evaluations using the neurological examination and Expanded Disability Status Scale (EDSS). Relapse was defined as a monophasic clinical episode with patient-reported symptoms and objective findings typical of MS, reflecting a focal or multifocal inflammatory demyelinating event in the CNS, developing acutely or subacutely, with a duration of at least 24 h, with or without recovery, and in the absence of a fever or infection (9).

Demographics data (sex, age, age at onset of the disease, and time of first complaints), clinical features (number of relapses, presenting symptoms, disease duration, disease subtype for MS, acute and maintenance treatments, and neurological findings at last follow-up), laboratory findings (serum and cerebrospinal fluid examinations, MOG-IgG titer, AQP4-IgG titer, and biomarker levels), and radiological findings were examined retrospectively.



Standard Protocol Approvals, Registrations, and Patient Consents

Our study was approved and reviewed by the ethics committee of the faculty of Medicine, at Gazi University (ethical approval number: 33-14.01.2019). All individuals provided written informed consent.



Biomarker Analysis

CSF and serum samples were aliquoted into Eppendorf tubes and stored prior to conducting the biomarker studies which were performed at different times. Centrifuge protocols were used for CSF and blood sample biobanking as previously described (41). Briefly, CSF samples were centrifuged at 400 × g for 10min and blood samples at 2,000 × g for 10min at room temperature.



Cell-Based Assays

The MOG-IgG test was performed using a Euroimmun kit that utilizes a cell-based assay (CBA) employing formalin-fixed HEK293 cells transfected with full-length human MOG (reactivity at a dilution of 1:10 is positive). A baseline AQP4-IgG test was performed by a fixed-cell CBA (Euroimmun, titer >1:10 is positive) in all patients.



Evaluation of Thiol-Disulfide Homeostasis

Serum thiol-disulfide homeostasis was determined using a novel spectrophotometric method as previously described (29). Briefly, dynamic and reducible disulfide bonds (–S–S) in the samples were reduced to free functional thiol groups (–SH) using sodium borohydride (NaBH4). In order to avoid the reduction of unused reduced sNaBH4 to dithionite-2 nitrobenzoic (DTNB), NaBH4 was removed with formaldehyde. Then, the native thiol (NTL) and total thiol (TTL) levels were determined after reacting with DTNB. Half of the difference of the result obtained by the subtraction of NTL amount from TTL content indicated the disulfide (DS) level. Finally, the NTL/TTL (–SH/–SH+-S–S), disulfide/NTL (–S–S/–SH), and disulfide/TTL (–S–S/–SH+-S–S) ratios were calculated.



Statistics

All data were analyzed using the SPSS package program (ver. 21.0; IBM Corp., Armonk, NY, USA) with a 95% confidence level. Categorical variables are represented as frequency (n) and percentage (%), while numerical variables are represented as mean, standard deviation (SD), and median (M). The normality of the distribution of numerical variables was examined using Shapiro–Wilk tests. Ordinal variables were described by median and interquartile ranges (IQRs), mean and standard deviations (SD) in Gaussian distributed data, and categorical variables by counts and percentages. Spearman correlation coefficients were calculated to determine the relationship between serum and CSF biomarker levels and numeric clinical variables across all the patients and within each disease. The Mann Whitney test was used to compare groups in terms of a quantitative variables. The Kruskal–Wallis test was used to compare independent k groups (k > 2) in terms of quantitative variables. Demographic features of the participants at baseline were compared using the Fisher exact test or the Wilcoxon test. The GraphPad Prism software was used for some graphical demonstrations. Variables with two-tailed p < 0.05 were considered significant.




RESULTS

The demographic and clinical characteristics of the patients are summarized in Table 1.


Table 1. Demographic and clinical characteristics of the patients.
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There were significantly more females among the subgroups of diseases compared to males (p < 0.05), except for the PPMS (male = 66.7%) and MOGAD (male = 62.5%) groups. The SPMS group (median: 15.0, IQR: 12.0–20.0) had the highest median level of disease duration (p < 0.05) and the highest number of GDT2 + lesions (median: 70, IQR: 25–100) (p<0.05). The PPMS group (median: 5.7, IQR: 4.1–6.6) had the highest median EDSS level (p < 0.05).

There was a statistically significant difference between serum and CSF levels of biomarkers (p < 0.05). That is, serum levels of biomarkers were significantly higher than CSF values (p < 0.001; Figure 1 and Table 2). No significant relationship was found between serum and CSF values of biomarkers (p > 0.05). There was also no statistically significant difference in terms of serum biomarkers between subgroups (p > 0.05; Figure 2). MOGAD serum TTL levels (410.7 ± 281.5) and PPMS serum disulfide levels (75.8 ± 74.9) were comparable between the different disease subgroups and healthy controls (p > 0.05; Table 2). Serum TTL (317.88 ± 66.04) and NTL (211.61 ± 44.15) levels were significantly lower in relapsed patients (368.84 ± 150.36) compared to those in remission (222.52 ± 70.59; p < 0.05).


[image: Figure 1]
FIGURE 1. Thiol levels in paired CSF and serum samples. TTL, total thiol; NTL, native thiol; CSF, cerebrospinal fluid. *The statistical significance is marked with asterisks (Mann–Whitney U-test).



Table 2. Serum biomarker levels in different disease subgroups.
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FIGURE 2. Thiol levels in serum samples with different disease subgroups and healthy controls. RRMS, relapsing-remitting multiple sclerosis; PPMS, primary progressive multiple sclerosis; SPMS, secondary progressive multiple sclerosis; NMOSD, neuromyelitis optica spectrum disorders; MOGAD, myelin oligodendrocyte glycoprotein-Ab-associated disease; HC, healthy control; TTL, total thiol; NTL, native thiol. There is no statistically significant difference for the same biomarker between groups.


Serum TTL was negatively correlated with the number of relapses in relapsed patients (p = 0.027, r = −0.521). Serum NTL levels were negatively correlated with age at onset and EDSS, respectively (p = 0.045, r = −0.477; p = 0.031, r = −0.508). The age at sampling and number of GDT2 + lesions were positively correlated (p = 0.018, r = 0.537). When all patient subgroups were evaluated, there was a negative correlation between serum NTL levels and age at sampling, age at onset (p = 0.024, r = −0.244; p = 0.031, r = −0,264; respectively). For the RRMS group, there was a negative correlation between serum TTL, NTL, and EDSS (p = 0.017, r = −0.439; p = 0.004, r = −0.522; respectively). For the PPMS group, there was a positive correlation between serum disulfide and disease duration (p = 0.024, r = 0.870).



DISCUSSION

Previous studies have investigated the oxidative stress markers and antioxidant molecules that develop in MS patients (42–45). Furthermore, their relationships with disability and subtypes of disease have also been examined (46).

Although previous studies have assessed thiol homeostasis in MS (47, 48), to the best of our knowledge, this is the first study to evaluate it within MS subtypes (NMOSD and MOGAD) compared to HCs. Moreover, in these studies, very limited clinical information was used, and its relationship with clinical findings was largely unexplored. Interestingly, until now, no study has investigated dynamic thiol disulfide homeostasis in NMOSD and MOGAD.

We found that there was a higher ratio of women to men among the MS subgroups, except in the PPMS and NMOSD groups, which is consistent with the literature (11, 15). Furthermore, similar to previous studies, we found that the duration of the disease was longer in the progressive MS group. Likewise, the progressive group had a higher EDSS score than the RRMS group, even if there were naive patients in RRMS group.

Importantly, we are the first to evaluate CSF and serum thiol homeostasis together. The brain parenchyma produces a high rate of oxidative radicals due to its high oxygen consumption (49, 50). In our study, it was observed that TTL, NTL, and disulfide CSF levels were lower than serum values. Presumably, in this case, peripheral oxidative damage and dynamic thiol homeostasis that emerges in response also plays a role. These findings suggest that CSF TTL, NTL, and disulfide levels may be used to evaluate disease status in patients who undergo CSF sampling for diagnostic purposes.

When oxidative stress increases, thiol groups of proteins react with oxidants and turn into disulfide bonds. These formed bonds can then be reduced to thiol groups again, reestablishing thiol-disulfide homeostasis (51).

In our study, the SPMS group had the highest serum mean TTL levels among the MS group. The SPMS group also had the highest number of relapses and longest disease duration. This suggests that as new disulfide bonds are formed, more thiol groups can be reduced in this group. The MOGAD group had the highest TTL levels among the disease subtypes. This may actually be related to the pathophysiology of this disorder (15), as the main problem in this disease is the MOG-IgG Ab that develops against myelin sheath, which causes oxidative damage, thereby leading to an increase in TTL levels.

The PPMS group had the highest serum disulfide levels among the disease subtypes. This condition, which is indicative of oxidative damage, may also be associated with neuronal damage. In addition, the negative correlation between serum TTL, NTL, and EDSS in the RRMS group suggests that these values could be used in the assessment of disability.

Plasma membrane is like the primary sensor of the cells' extrinsic stressors. Excess amounts of ROS cause cell damage and death by disrupting plasma membrane functions. These mechanisms are believed to play a major role in the pathophysiology of many neurodegenerative diseases. However, low amounts of membrane-associated ROS may activate adaptive pathways against stress. There is increasing evidence for the hormetic role of membranes in states of low and transient oxidative stress. Under normal conditions, membrane lipid peroxidation is usually low. However, an increase in oxidative stressors in cells such as neurons with high energy demand and oxygen consumption may deteriorate the hormetic roles of the membrane (52–55). Perhaps, the low thiol levels in relapsed patients in our study can be explained by the deterioration in the hormetic role of the membrane. In addition, irrespective of the cause, the increase in cellular oxidative stress at subtoxic levels causes a neuroprotective effect known as “preconditioning.” Preconditioning signal provides cellular protection through hormesis, which is a dose-response phenomenon characterized by a high-dose inhibition and low-dose stimulation (56–59). Thanks to this chain of events, neuroprotection is also provided.

Protein thiols are important mediators of multiple metabolic, signaling, and transcriptional processes; they play a key role in the regulation of redox sensing and cellular redox status. “Vitagenes,” which play a key role in oxidative stress protection, are protective genes that control pro-survival pathways that must be activated in response to cellular stress. They encode cytoprotective heat shock proteins, thioredoxin, and sirtuins (60). Under normal physiological conditions, long-term health is maintained by protein homeostasis. When this homeostasis is disrupted, cellular stress is released and heat shock proteins, including chaperones, are produced and contribute to cell survival (61, 62). In this study, the SPMS group had the highest serum mean TTL levels among the MS groups. According to this result, we may assume that vitagen activity may have increased, and pro-survival mechanisms are activated for the continuity of protein homeostasis.

Our study had some limitations. Particularly, the number of patients in the NMOSD and MOGAD groups was lower than the other groups. While the numbers in this group reflected all of the patients in our tertiary center, all of them were being treated with immunomodulatory therapy. In addition, due to ethical considerations, we could not obtain CSF samples from HCs; thus, there were no CSF samples included in our HC group. Furthermore, the number of patients in our progressive MS group was not close to that of the RRMS group, either. In addition, our patient population did not include more rare MS subtypes, such as clinically isolated syndrome (CIS) and radiologically isolated syndrome (RIS). Although this study demonstrates the usefulness of assessing dynamic thiol homeostasis among neuroinflammatory diseases of the CNS, future studies incorporating larger patient cohorts are needed.



CONCLUSIONS

Oxidative stress plays a crucial role in the physiopathology of neuroimmunological diseases. This study is the first to assess thiol homeostasis among different subgroups of MS and NMOSD. Previously, thiol homeostasis has only been evaluated using serum. In future studies, CSF and serum values of thiols should be examined in detail using a larger number of paired serum and CSF samples. Perhaps in the near future, thiol status can be used by itself or in combination with other candidate biomarkers to monitor oxidative status and disease activity.
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Neuroinflammation play an important role in Alzheimer’s disease pathogenesis. Advances in molecular imaging using positron emission tomography have provided insights into the time course of neuroinflammation and its relation with Alzheimer’s disease central pathologies in patients and in animal disease models. Recent single-cell sequencing and transcriptomics indicate dynamic disease-associated microglia and astrocyte profiles in Alzheimer’s disease. Mitochondrial 18-kDa translocator protein is the most widely investigated target for neuroinflammation imaging. New generation of translocator protein tracers with improved performance have been developed and evaluated along with tau and amyloid imaging for assessing the disease progression in Alzheimer’s disease continuum. Given that translocator protein is not exclusively expressed in glia, alternative targets are under rapid development, such as monoamine oxidase B, matrix metalloproteinases, colony-stimulating factor 1 receptor, imidazoline-2 binding sites, cyclooxygenase, cannabinoid-2 receptor, purinergic P2X7 receptor, P2Y12 receptor, the fractalkine receptor, triggering receptor expressed on myeloid cells 2, and receptor for advanced glycation end products. Promising targets should demonstrate a higher specificity for cellular locations with exclusive expression in microglia or astrocyte and activation status (pro- or anti-inflammatory) with highly specific ligand to enable in vivo brain imaging. In this review, we summarised recent advances in the development of neuroinflammation imaging tracers and provided an outlook for promising targets in the future.
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Introduction

Neurodegenerative diseases, including Alzheimer’s disease (AD), frontotemporal dementia, Parkinson’s disease (PD), and Lewy body dementia, represent a tremendous unmet clinical need. The major neuropathological features of AD are the deposition of amyloid-beta (Aβ) plaques, neurofibrillary tangles formed by misfolded hyperphosphorylated tau, neuronal loss, and neuroinflammation characterised by glial activation (1, 2). Neuroinflammation plays an important role in AD; however, its dynamics and impacts (protective or detrimental) have still not been fully elucidated (3, 4). Microglia, as the resident macrophage cells in the brain, have emerged as central players in the AD pathogenesis (1, 2, 5). Microglial activation was previous classified into proinflammatory (M1) or anti-inflammatory (M2) types (2). Recent single-cell sequencing and transcriptomics studies reported gene coexpression network diversity of microglia in AD and disease-associated-microglia (DAM) of transcriptionally distinct and neurodegeneration-specific profiles (6–12). Aβ-laden microglia has a unique gene-expression signature including triggering receptor expressed on myeloid cells 2 (TREM2), apolipoprotein E (ApoE), and other AD-associated genes (13, 14). Microglia phagocytosis driven by Tyro3, Axl, and Mer (TAM) receptor has been shown to promote the development of dense-core plaque and the engulfing of Aβ plaques (15). Astrocytes are categorised into A1 and A2 subtypes based on their phenotype and genetic expression profiles (16–19). A1 astrocyte secretes and produces a large number of inflammatory factors and neurotoxins, whereas A2 astrocyte produces neurotrophic substances and supports neuronal growth. Reactive astrocytes precipitate both Aβ and tau (20–22) and are closely linked with microgliosis (16). Cerebrospinal fluid (CSF) and plasma biomarkers for neurodegeneration and inflammatory markers [e.g., tumor necrosis factor alpha (TNFα), interleukin-6 (IL-6), IL-10] were elevated in patients with AD and mild cognitive impairment (MCI) compared to healthy controls (6, 7, 13, 14), associated with an increasing age (23, 24) and cerebral amyloid pathology (25). Recent advances in molecular imaging have provided insights into the time course of AD pathology, including Aβ, tau, synaptic deficits, and neuroinflammation, in patients and in animal disease models (1, 26–35). In vivo imaging of neuroinflammation, however, is challenging, and the spatial–temporal pattern in the development of AD has still not been fully elucidated (23). One reason is that the astrocytes and microglia are highly dynamic and heterogeneous in their subtypes, locations, and activation status (1).



Neuroinflammation Positron Emission Tomography Imaging

Mitochondrial 18 kDa translocator protein (TSPO) is the most widely investigated neuroinflammation target for PET imaging (36). Other alternative targets are under rapid development (Table 1), such as monoamine oxidase-B (MAO-B), matrix metalloproteinases (144–147, 185, 186), colony-stimulating factor 1 receptor (CSF1R), imidazoline-2 binding sites (I2BS), cyclooxygenases, the phospholipase A2/arachidonic acid pathway, sphingosine-1-phosphate receptor-1, reactive oxygen species, cannabinoid-2 receptor, purinergic P2X7 receptor and P2Y12 receptor, the fractalkine receptor (CX3CR1) (187), TREM2 (140), and receptor for advanced glycation end products (36, 188) (Table 1).


Table 1 | Summary of imaging probes for gliosis.





TSPO Imaging

TSPO is expressed mainly in the outer mitochondrial membrane of steroid-synthesizing cells in the central nervous system (microglia, astrocytes, endothelial cell, etc.) (Figures 1A, B) and in the peripheral (191). TSPO is involved in many physiological processes including transporting cholesterol into mitochondria, steroid hormone synthesis, and bioenergetics (191, 192). Upregulation of TSPO was found in patients with AD and in animal models of AD (92, 193).




Figure 1 | Cellular location of emerging neuroinflammation imaging targets. (A, B) The RNA expression of TSPO, CSF1R, P2RX7, and P2RY12 in mouse (A) and human (B) brain [based on RNA-Seq data (189, 190)]. FPKM, fragments per kilobase of transcript per million mapped reads. Reproduced from https://www.brainrnaseq.org and (189, 190) with permission. (C) Representative transverse planes of [11C]GW2580 and [11C]CPPC SUV 60-120min images of a monkey brain superimposed on the monkey’s own MR images at baseline and with a homologous blocker treatment. (D, E) Time–radioactivity curves of [11C]GW2580 and [11C]CPPC in various brain regions obtained from corresponding PET images. FCTX, frontal cortex; CS, centrium semi-ovale. Reproduced from (64) with permission from Sage Publication. (F, G) Tau lesion-associated microglial TSPO was more sensitively captured by in vivo positron emission tomography (PET) imaging with [18F]FEBMP than [11C]PK11195. T2 magnetic resonance imaging (MRI) images and PET images with [18F]FEBMP and [11C]PK11195 in non-transgenic, and PS19 mice with less and severe brain atrophy at 9 months of age (F). Time course of hippocampus (Hip)-to-striatum (ST) ratios of radioactivity and binding potential (BPnd) calculated by simplified reference tissue model with striatum as reference tissue showing significantly increased [18F]FEBMP but not [11C]PK11195 signal in PS19 compared with non-transgenic mice (G). Reproduced from (57) with permission from Sage Publication.




The First Generation TSPO Tracers

The first-generation tracers exemplified with [11C]PK-11195 have been widely used in preclinical and clinical studies. However, [11C]PK-11195 suffers from several major limitations such as low permeability of the blood–brain barrier and high non-specific plasma binding, leading to a low signal-to-noise ratio in the final reconstructed PET images (194). Careful analysis of plasma metabolites is required to determine the accurate arterial input function for quantitative PET measurement (195). Increased [11C]PK11195 is reported to be associated with Aβ accumulation in patients with MCI and AD compared to healthy controls, correlating with the deficits in functional network connectivity, grey matters atrophy, and cognitive decline (37–39, 196). Using [11C]PK11195, recent studies have showed a biphasic trajectory of inflammation with an early microglial activation with increasing Aβ load and a later decline when Aβ load reaching plateau (AD) levels (40). Ismail et al. demonstrated a parallel increase in microglial activation and tau accumulation assessed by [11C]PK11195 and [18F]flortaucipir, respectively, in [11C]PIB Aβ-positive MCI patients (41). Su et al. further showed that grey matter atrophy mediated the effects of tau accumulation and neuroinflammation detected by PET tracers [18F]flortaucipir and [11C]PK11195, respectively on cognitive impairments in AD (42).



The Second Generation TSPO Tracers

A few second generation tracers including [11C]DAA1106, [1(F]FEDAA1106, [125I]CLINDE [11C]PBR06, [11C]PBR28, [18F]PBR111, [18F]DPA-713, [18F]DPA-714, [18F]F-DPA, [11C]AC-5216, [18F]FEMPA, and [18F]FEPPA have been developed to overcome the limitations of [11C]PK11195 (45, 46, 52, 61–63, 66, 69–71, 83, 84, 197) (Table 1). However, the binding affinities of second generation TSPO tracers in human brain differ based on the rs6971 polymorphisms, which introduces higher variability between subjects (45, 46, 52, 61–63, 66, 69–71, 197). In addition, the [11C]PBR28 binding appears to be affected by chromosome 1 variant rs2997325 on microglial activation (198). Several longitudinal studies using [18F]DPA-714, [11C]DAA1106, and [11C]PBR28 have reported decreased glucose metabolism and increased neuroinflammation in amyloidosis, four-repeat tauopathy animal models (47–50, 55) (Table 1). Ishikawa et al. has indicated an association between tau assessed by [11C]PBB3, neuronal damage measured by structural MRI, and neuroinflammation detected by using [11C]AC-5216 in rTg4510 mice (56–58). Chaney et al. showed an increased [18F]DPA-714 binding and myo-inositol levels using 1H magnetic resonance spectroscopy in APP/PS1 mice (48). Zou et al. showed that microglial activation assessed by [11C]PBR28 is independently associated with amyloid load and memory impairment, but not with tau burden assessed by [18F]florbetaben and [18F]MK-6240, respectively, in patients with AD (74). Whereas Dani et al. showed that [11C]PBR28-measured microglial activation correlates with both tau and Aβ deposition assessed by [18F]flortaucipir and [18F]flutemetamol in patients with AD (69) (Figures 2D, E). Studies by Femminell et al. demonstrated an increased regional [11C]PBR28 binding in patient with MCI, which associated with higher grey matter and hippocampal volume (199). This suggests a potential protective effect of microglia activation in the early stages (199). Hamelin et al. showed a diverging pattern of progression in AD based on [18F]DPA-714 baseline binding, with a higher baseline associates with less subsequent microglial activation and better cognitive performance in 2-years follow-up (45).




Figure 2 | Biological parametric mapping (BPM) correlation between [11C]BU99008 and [18F]florbetaben binding in (A) all cognitively impaired (CI) subjects and in (B) Aβ-positive cognitively impaired subjects at a cluster threshold of p < 0.05 with an extent threshold of 50 voxels. These BPM are T maps describing the strength of the voxel-wise correlations between binding of the two radioligands represented in a common brain space. (C) Dot plot demonstrating the regional [11C]BU99008 total volumes of distribution (Vt) using two-tissue compartmental models in Aβ-positive cognitively impaired subjects (purple filled circle), Aβ-negative CI subjects (purple open circle), and healthy controls (HC, green triangle). “Brain” refers to the composite cortex, combining all the major cortical regions. *p < 0.05, uncorrected. Reproduced from (176) with permission from Springer Nature. (D, E) Voxel-level correlation between [18C]PBR28, [18F]florbetapir, and [18F]flutemetamol in the patients with mild cognitive impairment and Alzheimer’s disease who were positive for all three tracers. (D) Voxel-level correlations between microglial activation assessed by using [18C]PBR28 and tau aggregation assessed by using [18F]florbetapir. (E) Voxel-level correlations between microglial activation assessed by using [18C]PBR28 and amyloid deposition assessed by using [18F]flutemetamol. Reproduced from (69) with permission from Oxford University Press.





The Third Generation TSPO Tracers

Several third generations of TSPO tracers [18F]GE-180, (R,S)-[18F]GE-387, [11C]ER176, [11C]CB184, [11C]CB190, [11C]N′-MPB, and [18F]LW223 have been developed (75, 103, 105–109). [18F]GE-180 (flutriciclamide), (S)-[18F]GE-387, and [11C]ER176 resolve the problem of ligand-dependent attenuation of affinity (90, 97, 197) in in vitro binding assay where these tracers are insensitive to TSPO rs6971 polymorphisms (104). The rs6971 polymorphisms, however, affects in vivo [18F]GE-180 quantification, revealing lower binding in patients of low-affinity binders compared to the mixed- and high-affinity binders (88). Several studies have compared the binding properties and performance of second and third generations of TSPO tracers. James et al. found that the detection of microglial activation by using [18F]GE180 was more sensitive than that by using [18F]PBR06 (94). However, Chaney et al. indicated that [11C]DPA-713 PET reflects microglial activation with higher accuracy and sensitivity compared to [18F]GE-180 in a mouse model of stroke (53). Head-to-head comparative PET study by Zanotti-Fregonara et al. showed a more favourable brain entrance property of [11C]PBR28 compared to [18F]GE-180 in human (76). [11C]ER176 has demonstrated a higher binding potential and smaller variability compared to [11C]PK11195, [11C]PBR28, and [11C]DPA-713 (75, 105, 106). Clinical trial of PET using [11C]ER176 for accessing microglia activation in patients with MCI and AD is still ongoing (NCT03744312). Microglial activation assessed by using [18F]GE-180 in different amyloidosis, tauopathy rodent models have been reported (47, 50, 53, 89, 90, 92–102) (Table 1). López-Picón et al. showed that [18F]GE-180 signal reached plateaus at an early stage, while the Aβ load detected by [11C]PIB was still increasing in APP23 mice (90). A recent study by Sacher et al. showed an asymmetric pattern (hemispheric predominance) of Aβ load ([18F]florbetaben) accompanied by microglial activation ([18F]GE-180) in AppNL-G-F knock-in mice (96). Increased levels of [18F]GE-180 uptake indicative of microglial activation have been reported in patients with AD, semantic dementia, MCI, and four-repeat tauopathy compared to non-demented controls (88–91). Ramakrishnan reported that [18F]GE-387 visualised increased uptake in rat of acute inflammation induced by lipopolysaccharides (LPS) injection and demonstrated sufficient brain uptake in non-human primate (104).

The cellular location of the signal is another major concern for TSPO ligands. Two different binding sites on glial and vascular TSPO were reported for several TSPO ligands, e.g., [11C]PK11195 (57). Ji et al. reported that polymorphism-insensitive ligand [18F]FEBMP (200) yielded a higher contrast to neuroinflammation than [11C]PK11195 in PS19 tauopathy mouse model due to its higher glial-TSPO selectivity (Figures 1F, G) (57, 58). Further studies evaluating the TSPO selectivity and insensitivity to TSPO polymorphism of the second and third generations TSPO tracers including [18F]GE-180, (S)-[18F]GE-387, and [11C]ER176 are highly desired.




Emerging Targets

Given that TSPO is not exclusively expressed in glia, it is thus imperative to search for new imaging biomarkers that can detect neuroinflammation with higher sensitivity and specificity. Promising targets should have almost exclusive expression in microglia or astrocyte and highly specific ligands to enable in vivo imaging evaluations (32, 170, 201, 202).


Colony-Stimulating Factor 1 Receptor

CSF1R is expressed mainly on microglia and on infiltrating macrophages/monocytes and dendritic cells in the brain (Figures 1A, B). CSF1R is important for microglia growth, proliferation, and survival. Two endogenous ligands, the growth factors colony stimulating factor-1 and interleukin-34 (203), have been reported for CSF1R. Upregulation in CSF1R have been reported in response to injury and AD-related neuropathology (204, 205). Horti et al. developed a new CSF1R tracer [11C]CPPC and captured increased microglial levels of CSF1R in animal models of acute inflammation induced by LPS injection, encephalomyelitis model of multiple sclerosis, and APPsi with cerebral Aβ pathology (124). A recent study from Zhou et al. compared new CSF1R tracers [11C]GW2580 with [11C]CPPC in detecting both acute inflammation induced by LPS injection and chronic inflammation in APPNL-G-F/NL-G-F knock-in mice and showed that [11C]GW2580 captured changes in CSF1R with higher sensitivity, associated with increased TSPO pattern in the brain (64) (Figures 1C–E).



Cyclooxygenase-1 and Cyclooxygenase-2

Cyclooxygenase (COX) is an enzyme involved in the production of prostaglandin H2, which is the substrate for molecules including prostaglandins, prostacyclin, and thromboxanes (206). The two isoforms COX-1 and COX-2 are considered to be involved in the neuroinflammation in neurodegenerative diseases including AD. Immunochemical evidence showed that COX-1 and COX-2 are expressed in microglia and neuron in the central nervous system (207). Several tracers for COX-1 and COX-2 have been developed including [18F]TMI (131, 208), [18F]triacoxib (209), [11C]rofecoxib (210), [11C]KTP-Me (125, 127, 211), [11C]PS13, and [11C]MC1 (128, 129) (Table 1). Ohnishi et al. and Shukuri et al. reported that [11C]KTP-Me harbours an improved brain–barrier entrance and is highly selective for COX-1 (125, 127, 211). PET study with [11C]KTP-Me showed an increased brain uptake in AD patients compared to healthy controls and in APPswe (Tg2576) mice compared to wild-type mice (125–127): [11C]KTP-Me accumulation was detected in the frontal cortex and hippocampus, in activated microglia surrounding Aβ plaques. Shrestha et al. reported PET imaging of COX-2 ([11C]MC1) and COX-1 ([11C]PS13) in monkey brain after LPS-induced neuroinflammation and in human peripheral tissue with inflammation and showed specific detection patterns (128, 129).



Cannabinoid Receptor Type 2

Cannabinoid receptor type 2 (CB2R) are mainly expressed by immune cells including monocytes, macrophages, and microglia in the brain (151, 152) and have low expression levels under physiological conditions (2, 4, 31). Several classes of tracers for CB2R have been developed including [11C] methoxy-Sch225336 (212), [11C]NE40 (154), [11C]A-836339, [18F]2f (149, 150), [18F]JHU94620 (153), [18F]RS-126, and [18F]RoSMA-18-d6 (151, 152) (Table 1). Upregulation of brain CB2R expression has been demonstrated in acute inflammation such as LPS-injected model and murine stroke model (151–153) in chronic inflammation senescence-accelerated models (155) and in amyloidosis mouse model associated with Aβ deposits (150). Ahmad et al. reported lower CB2R availability in Aβ-positive AD patients compared to healthy controls assessed by PET using [11C]NE40 and [11C]PIB, respectively. However, no relationship between [11C]NE40 and cerebral Aβ load was observed (154).



Purinergic P2X7 Receptor and P2Y12 Receptor

The expression of purinergic P2X7 receptor is found upregulated specifically in M1 microglia. P2X7 receptor mediates NLRP3 inflammasome activation, cytokine and chemokine release, T lymphocyte survival and differentiation, transcription factor activation, and cell death (213). Microglia monitors and protects neuronal function through purinergic P2Y12 receptor-dependent junctions (214) linked with neuronal mitochondrial activity. Brain injury-induced changes at somatic junctions triggered P2Y12-receptor-dependent microglial neuroprotective effect, regulating neuronal calcium load and functional connectivity (215, 216). Immunohistochemical staining indicated that the levels of P2Y12 receptor were decreased in the brains derived from patients with multiple sclerosis and AD cases (217). Several P2X7 receptor tracers including [11C]GSK1482160 (110, 111), [11C]JNJ-47965567 (A-740003) (120), [18F]JNJ-64413739 (112, 114), [11C]JNJ-54173717 (113), [11C]SMW139 (118), and [18F]PTTP (218). Janssen et al. showed that [11C]SMW139 can detect with high affinity and specificity to the P2X7 receptor by using rAAV3flag-hP2X7R rat model overexpressing human P2X7 receptor (119). Moreover, [11C]SMW139 showed higher binding on postmortem brain of AD patients compared to controls by using in vitro autoradiography studies, corroborating with immunohistochemical staining results (119). One clinical trial is ongoing using [11C]SMW139 for imaging neuroinflammation in Parkinson’s disease [(PRI-PD) 2018-000405-23].

Several P2Y12 receptor probes such as [11C]AZD1283, [11C]P2Y12R-ant, and [11C]5 have been developed and evaluated in vivo in animal models (120, 122, 123). Maeda et al. showed a distinct response of P2Y12 receptor to tau and amyloid deposits using P2Y12 receptor tracer [11C]AZD1283. The levels of P2Y12 receptor decline in tau-laden region with increased total level of microglia in rTg4510 and PS19 tau mice and increase in APP23 and APPNL-F/NL-F mice (123). However PET imaging using [11C]AZD1283 showed no uptake signal in the wild-type mouse brain. Two other tracers [11C]P2Y12R-ant and [11C]5 have showed sufficient brain uptake and promising results in experimental autoimmune encephalomyelitis model of multiple sclerosis (120) and stroke model for detecting anti-inflammatory microglia (122).




Astroglia Imaging


MAO-B

Irreversible MAO-B inhibitors [11C]deuterium-L-deprenyl (DED) have been used in PET imaging studies and demonstrated early astrocytosis in sporadic and autosomal dominant AD patients (61, 156–161, 163) and in amyloidosis mouse models (163, 164). [18F]fluorodeprenyl-D2 showed favorable kinetic properties with relatively fast washout from non-human primate brain and improved sensitivity for MAO-B imaging (165). However, the technical challenges of irreversible inhibitors such as deprenyl hinder the accurate image analysis. Several reversible-binding inhibitors have been developed in recent years such as [11C]Cou (170, 219), [11C]SL25.1188 (168), and [11C]SMBT-1 (166). Harada et al. showed a specific increased regional retention of [11C]SMBT-1 in the cortical and hippocampal regions in patients with AD compared to healthy controls (166).



I2BS

I2BS that locates on both monoamine oxidases A (MAO-A) and B (MAO-B) is another emerging target for astrocytosis imaging (173–175, 220). [¹¹C]FTIMD shows the specific-binging to I₂BS as shown by PET and autoradiography in the monkey brain (183). Wilson et al. demonstrated reactive astroglia detected by using [11C]BU99008 PET early in Parkinson’s disease in response to α-synuclein accumulation (174). Recent postmortem binding and autoradiography study by Kumar et al. showed increased level of [3H]BU99008 binding in postmortem brain tissue from patients with AD compared to healthy controls (173, 221). Calsolaro et al. recently demonstrated increased cortical astrocytosis assessed by [11C]BU99008 with high cerebral Aβ load assessed by [18F]florbetaben in patients with MCI and AD (176) (Figures 2A–C). Livingston et al. demonstrated that increased astrocytosis assessed by [11C]BU99008 in regions of earlier stages with low Aβ loads assessed by [18F]florbetaben and reduced astrocytosis in regions of advanced stage with greater Aβ load and atrophy (177). In vitro autoradiography and immune-histochemical staining showed the specificity of [3H]BU99008 and the colocalization of with glial fibrillary acidic protein staining of astroctyes in brain tissues from patients with AD.





Discussion

Non-invasive detection of central pathologies is indispensable for understanding the mechanism underlying AD continuum and for facilitating early and differential diagnosis (28, 222–225). TSPO-PET is still the most powerful imaging tool for AD-associated neuroinflammation but is currently facing two challenges. First, a human TSPO polymorphism TSPO rs6971 commonly affects the binding affinities of the second generation tracers to a different extent. Classification with polymorphism enables to correct the variability and bias from different binding affinities, but it raises the threshold for sample size of human subjects. Third-generation tracers have been developed for circumventing this limitation. In vitro testing in post-mortem human brain tissues have demonstrated the insensitivity of [11C]GE-180, [11C]GE-387, and [11C]ER176 to TSPO polymorphism (75, 106, 197). However, recent clinical study with [11C]ER176 (105) and [11C]GE-180 (88) demonstrated a significant decrease in ligand retention in low-affinity binders, suggesting the necessity of further in vivo examination. Second, the heterogenous cellular sources of TSPO PET tracers have been demonstrated in astrocytes, endothelial cells, and vascular smooth muscle cells, in addition to microglia in both patients with AD and animal models (61, 85, 86, 193, 226–229) (Figures 1A, B). Although conventional opinions consider microglia as major cellular source of TSPO in the central nervous system, latest study finds vascular TSPO provides major binding sites for TSPO ligands including most widely used [11C]PK11195 and [11C]PBR28 in normal mouse brains (57). These findings suggest the possibility that changes in TSPO PET signal may be partly due to changes in the levels of vascular TSPO and not purely of glial TSPO. [18F]FEBMP and [11C]AC-5216 showed relatively selectivity for glial-TSPO compared to other ligands such as [11C]PK11195 (200). It remains to be investigated whether the third generation of TSPO tracers shows a portion of vascular TSPO detection similarly. Moreover, further research on next generations of TSPO tracers are needed, with the selection criteria including optimal binding property, insensitivity for TSPO polymorphism, and high glial TSPO selectivity.

The role of neuroinflammation in AD pathogenesis is still not fully elucidated. Early clinical studies with first generation tracer [11C]PK11195 showed conflicting results in the brains from AD patients. Some studies demonstrated significant increases in [11C]PK11195 retention in diseased brain regions in AD (230, 231), which was not observed in some other studies (232, 233). Albrecht et al. recently reported negative associations between regional Aβ and tau PET uptake and CSF inflammatory markers in patients with AD and in non-demented controls and suggested a protective role of neuroinflammation (234). Ewers et al. showed that a higher CSF level of soluble TREM2 is indicative of microglia activation in patients with AD. The CSF level of TREM2 negatively aassociated with the rate of Aβ accumulation assessed by using [18F]florbetapir over 2-years follow-up in AD patients (101). Biphasic trajectory with an early increase and a later decline in the level of microglial activation might explain such inconsistency between results from clinical studies (62). The recently reported biphasic trajectory of astrocytosis (177) adds further complexity in the interpretation.

A recent study has showed that microglia is involved in the formation of senile plaque by promoting the diffuse form converting to dense cored form (15). In vitro immunohistochemical analysis found that TSPO-positive microglia were surrounded dense cored plaque, not diffuse plaques (235). These results may explain the complex spatial association between TSPO-PET and amyloid-PET signals. [11C]PBR28 signal correlated with both tau aggregation and Aβ deposition (55), suggesting distinct dynamic profiles of microglial activation. Collectively, current clinical studies have not provided a consensus on association between TSPO-associated neuroinflammation and AD-pathological changes. Given the different binding sites in glial and vascular TSPO for different tracers, the divergent results using different TSPO-PET tracers are not unexpected. A multitracer imaging paradigm for detecting the regional patterns of Aβ, tau, and microglia activation and astrocytosis is expected to provide better temporal and spatia mapping of disease processes and assessment of immunomodulatory therapeutic interventions in clinical study.

Several promising targets and tracers for neuroinflammation imaging have been reported but not yet been evaluated in AD patients or animal models, such as the ligands for inducible nitric oxide synthase ([18F]FBAT), reactive oxygen species ([18F]ROStrace [18F]ox-ROStrace, [18F]dihydromethidine, [11C]Ascorbic. [62Cu]ATSM, [11C]dehydroascorbic acid) (132–137), TREM-1 ([64Cu]TREM1-mAb), matrix metalloproteinases ([18F]BR-351, [18F]BR-420) (144–146), astrocyte metabolism ([11C]acetate) (171, 172), I2BS([¹⁸F]FEBU) (182), and organic anion-transporting polypeptide 1C1 ([18F]2B-SRF101) (184). More preclinical and clinical evidence are required to indicate the utilities of these emerging ligands in in vivo imaging. An almost exclusive expression of CSF1R and P2X7 receptor and P2Y12 receptor in microglia have demonstrated their potentials as next-generation imaging targets for microglia activation. Further evaluation of these tracers in amyloidosis and tauopathy models and patients with MCI and AD will potentially facilitate better phenotyping of microglia activation. The association of these emerging targets with AD pathologies, disease progression, and the improvement in the ligand binding properties and analysis methods for PET data require further investigations (236). With the advances in new techniques, e.g., single-cell analysis of neuroinflammatory responses and plasma biomarkers, the link between neuroinflammation PET with other indicators will likely be studied in a more systematic manner.
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Parkinson’s disease (PD) has been shown to affect approximately 1% of the persons aged more than 65 years. This multifactorial disorder has been associated with abnormal function of NF-κB signals. In this research, we have evaluated expressions of NF-κB-related long non-coding RNAs in the circulation of PD patients compared with healthy controls. Expression of PACER was lower in total PD patients compared with healthy persons (Ratio of mean expressions (RME)=0.32, P value<0.001). This pattern was also evident among males (RME=0.25, P value<0.001). Expression of DILC was higher in total PD patients (RME=4.07, P value<0.001), and in both sex-based subgroups (RME=3.77, P value=0.01 and RME=4.25, P value<0.001, for females and males, respectively). Similarly, CEBPA was significantly over-expressed in total PD patients (RME=14.76, P value<0.001), and in both sex-based subgroups (RME=12.42, P value<0.001 and RME=15.80, P value<0.001, for females and males, respectively). ATG5 had a similar expression pattern (RME=2.6, P value=1E-08, RME=1.73, P value=0.03 and RME=3.09, P value=1E-07, for total cases, females and males, respectively). H19 was up-regulated in total cases and male cases compared with corresponding controls (RME=2.19, P value<0.001, RME=2.68, P value=0.01, respectively). Finally, HNFA1-AS was down-regulated in all comparisons (RME=0.10, P value=2E-06, RME=0.08, P value<0.001 and RME=0.12, P value<0.001, for total cases, females and males, respectively). Among PD patients, expressions of NKILA and ADINR were robustly correlated with each other (r=0.75, P value=2.40E-10). In addition, expression levels of DICER1-AS were significantly correlated with those of ADINR, PACER and H19 in these patients (r=0.73, P value=1.76E-9; r=0.72, P value=5.15E-09 and r=0.72, P value=3.09E-09, respectively). Correlation analyses among healthy controls revealed robust correlations between CHAST and CEBPA (r=0.84, P value=3.09E-09), NKILA and ADINR (r=0.80, P value=4.24E-12) as well as between DILC and CHAST (r=0.76, P value=1.70E-10). CEBPA had the best parameters among all assessed genes (AUC=0.96, Sensitivity=0.90 and specificity=0.97). DILC and ATG5 were the most appropriate markers after CEBPA with AUC values of 0.82 and 0.80, respectively. Most notably, combination of all genes improved AUC, sensitivity and specificity parameters to 1, 0.97 and 0.99, respectively. Cumulatively, the current study provides evidence for participation of NF-κB-related lncRNAs in the pathoetiology of PD.
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Introduction

As the second most prevalent neurodegenerative disease, Parkinson’s disease (PD) has been shown to affect approximately 1% of the persons aged more than 65 years (1). From a neuropathological point of view, PD is associated with α-synuclein-comprising Lewy body and defects in dopaminergic neurons of substantia nigra which result in reduction of speed of voluntary movements (1). Although the main pathoetiology of PD is not clear, inflammation-related oxidative stress and cytokine-associated neurotoxic events have been shown to be involved in the stimulation of degradation of dopaminergic neurons (2, 3). Nuclear factor-κB (NF-κB) has been demonstrated to regulate activity of inflammatory intermediates in the course of inflammation. This transcription factors is expressed in microglia, neurons, and astrocytes in the central nervous system and contribute in the neurodegenerative process in PD (2). A previous study has shown significant increase in the percentage of dopaminergic neurons expressing NF-κB in their nuclei in PD patients compared with controls. Notably, there has been a possible association between the nuclear immunoreactivity for NF-κB in neurons of mesencephalon of these individuals and presence of oxidative stress in these neurons (4). Therapeutic intervention with NF-κB signaling has been suggested as a new strategy for management of inflammatory response triggered in the course of PD. In fact, agents that inhibit IKKβ or IKKγ have been shown to suppress neurodegeneration of dopaminergic neurons in animal models of PD (5). Thus, identification the regulatory mechanisms for modulation of NF-κB signaling in PD is an important issue for implementation of appropriate treatments for this disorder. Recent studies have revealed interactions between this signaling pathway and several of non-coding RNAs (6). These transcripts, particularly long non-coding RNAs (lncRNAs) have been suggested to participate in the pathophysiology of neuropsychiatric disorders, such as schizophrenia (7). In the current project, we compared expression levels of NF-κB-related lncRNAs and mRNAs, namely CEBPA, ATG5, PACER, DILC, NKILA, ADINR, DICER1-AS1, HNF1A-AS1, CHAST and H19 in the circulation of PD patients versus healthy individuals to appraise their possible application as disease markers.



Materials and Methods


Patient and Controls

The current research was performed using the blood samples gathered from 50 cases of PD (14 females and 36 males) and 50 healthy individuals (15 females and 35 males). PD cases were recruited during January 2020-April 2021 from Farshchian hospital, Hamadan, Iran. PD cases were diagnosed based on criteria suggested by the International Parkinson and Movement Disorder Society (8). None of cases or controls had current or chronic infection, malignant conditions or any systemic disorders. Individuals recruited as controls had no personal or family history of any neuropsychiatric disorder. The study protocol was confirmed by ethical committee of Shahid Beheshti University of Medical Sciences. All PD patients and controls signed the informed consent forms.



Expression Assays

A total of 3 mL of peripheral blood was gathered from PD cases and healthy controls in EDTA-blood collection tubes. Total RNA was extracted from these specimens using GeneAll extraction kit (Seoul, South Korea). Then, cDNA was produced from approximately 75 ng of RNA using BioFact™ kit (Seoul, South Korea). The Ampliqon real time PCR master mix (Denmark) was used for making reactions. Tests were executed in StepOnePlus™ RealTime PCR System (Applied Biosystems, Foster city, CA, USA). Table 1 demonstrates primers sequences. PCR program consisted of a primary activation stage for 5 minutes at 94°C, and 40 cycles at 94°C for 15 seconds and 60°C for 45 seconds.


Table 1 | Primer sequences.





Statistical Methods

Relative amounts of CEBPA, ATG5, PACER, DILC, NKILA, ADINR, DICER1-AS1, HNF1A-AS1, CHAST and H19 were quantified in all samples relative to amounts of B2M transcripts. The Ln [Efficiency^ΔCT] formula was used for calculation of expression levels. Data was analyzed using R programming language and Rstan, ggplot 2 and non-parametric quantile regression packages. Mean values were compared between PD patients and healthy subjects using t-test. Spearman correlation coefficient was calculated to evaluate correlations between expressions of CEBPA, ATG5, PACER, DILC, NKILA, ADINR, DICER1-AS1, HNF1A-AS1, CHAST and H19 genes. Receiver operating characteristic curves were plotted using and values for area under these curves (AUC) were measured.




Results

Table 2 shows the demographic data of PD patients and control subjects.


Table 2 | Demographic and clinical profiles of PD patients and healthy controls [The Mini-Mental State Examination (MMSE), Unified Parkinson’s Disease Rating Scale (UPDRS)].



Figure 1 shows the minimum values, the first quartiles, the medians, the third quartiles, and the maximum values of relative expressions of genes in the formats of box-and-whisker plots.




Figure 1 | (A–J) Box-and-whisker plots showing the minimum values, the first quartiles, the medians, the third quartiles, and the maximum values of relative expressions of genes in PD cases and controls based on their gender (Red and blue plots show respective values among females and males, respectively).



Expression of PACER was lower in total PD patients compared with controls (Ratio of mean expressions (RME)=0.32, P value<0.001). This pattern was also evident among males (RME=0.25, P value<0.001). Expression of DILC was higher in total PD patients (RME=4.07, P value<0.001), and in both sex-based subgroups (RME=3.77, P value=0.01 and RME=4.25, P value<0.001, for females and males, respectively). Similarly, CEBPA was significantly over-expressed in total PD patients (RME=14.76, P value<0.001), and in both sex-based subgroups (RME=12.42, P value<0.001 and RME=15.80, P value<0.001, for females and males, respectively). ATG5 had a similar expression pattern (RME=2.6, P value=1E-08, RME=1.73, P value=0.03 and RME=3.09, P value=1E-07, for total cases, females and males, respectively). H19 was up-regulated in total cases and male cases compared with corresponding controls (RME=2.19, P value<0.001, RME=2.68, P value=0.01, respectively). Finally, HNFA1-AS was down-regulated in all comparisons (RME=0.10, P value=2E-06, RME=0.08, P value<0.001 and RME=0.12, P value<0.001, for total cases, females and males, respectively). Expression levels of other genes were not different between PD patients and controls (Table 3).


Table 3 | Statistical parameters calculated for comparisons of genes expressions between PD patients and controls (SE, standard error, RME, ratio of mean expressions, CI, confidence interval).



Among PD patients, expressions of NKILA and ADINR were robustly correlated with each other (r=0.75, P value=2.40E-10). In addition, expression levels of DICER1-AS were significantly correlated with those of ADINR, PACER and H19 in these patients (r=0.73, P value=1.76E-9; r=0.72, P value=5.15E-09 and r=0.72, P value=3.09E-09, respectively) (Figure 2).




Figure 2 | Correlation matrix for illustration of correlation between expression levels of NF-κB-related lncRNAs among PD patients (The distribution of expression levels of each lncRNA in PD patients is shown on the diagonal. Bivariate scatter plots are shown on the bottom of the diagonal. R and P values are shown on the top of the diagonal).



Correlation analyses among healthy controls revealed robust correlations between CHAST and CEBPA (r=0.84, P value=3.09E-09), NKILA and ADINR (r=0.80, P value=4.24E-12) as well as between DILC and CHAST (r=0.76, P value=1.70E-10). Figure 3 illustrates correlation matrix for healthy controls.




Figure 3 | Correlation matrix for illustration of correlation between expression levels of NF-κB-related lncRNAs among controls (The distribution of expression levels of each lncRNA in controls is shown on the diagonal. Bivariate scatter plots are shown on the bottom of the diagonal. R and P values are shown on the top of the diagonal).



Then, we depicted ROC curves for assessment of diagnostic power of these genes using three distinctive models with Bayesian GLM showing the best values (Figure 4A). Subsequently, this model was used for plotting ROC curves for all genes (Figure 4B).




Figure 4 | ROC curves for assessment of diagnostic power of these genes using three distinctive models (A). Assessment of diagnostic values of NF-κB-related genes in PD using Bayesian GLM (B).



CEBPA had the best parameters among all assessed genes (AUC=0.96, Sensitivity=0.90 and specificity=0.97). DILC and ATG5 were the most appropriate markers after CEBPA with AUC values of 0.82 and 0.80, respectively. Most notably, combination of all genes improved AUC, sensitivity and specificity values to 1, 0.97 and 0.99, respectively (Table 4).


Table 4 | Statistical parameters of ROC curve analyses.





Discussion

NF-κB comprise a group of transcription factors that through regulation of inflammation and apoptosis contribute in the programming of systemic ageing in the central nervous system and pathobiology of the neurodegenerative disease PD (9). NF-κB-associated genes partake in the regulation of the cellular levels of reactive oxygen species in the cell (10, 11). Moreover, through regulating autophagic processes, NF-κB acts as an important modulator of clearance of protein aggregates (12). Notably, NF-κB has been shown to be activated in microglia upon their exposure to lipopolysaccharide. Activation of this nuclear factor enhances expression of proinflammatory genes as well as proteolytic enzymes (13). Based on the structure of NF-κB dimers, this pathway might exert either protective or harmful effects. To be more precise, p50/RelA and c-Rel-containing dimers have pro-apoptotic and neuroprotective effects, respectively (14, 15). In the current investigation, we compared expression levels of a number of NF-κB-related lncRNAs and mRNAs in the circulation of PD patients versus healthy controls. Expression of PACER was lower in total PD patients compared with controls. This pattern was also evident among males. Moreover, HNFA1-AS was down-regulated in all comparisons. We have recently reported down-regulation of PACER, while up-regulation of HNFA1-AS in patients with schizophrenia compared with normal individuals (7), indicating distinctive roles of these lncRNAs in these two neuropsychiatric conditions. PACER is an lncRNA whose expression is induced by cyclooxygenase-2. This lncRNA has a functional association with p50, a suppressive subunit of NF-κB, and obstructs it from the promoter of the cyclooxygenase-2 gene, thus enhancing the interplay with activating NF-κB p65/p50 dimers (16). HNF1A-AS1 is a natural antisense RNA for HNF1A (17) whose expression is increased by HNF1A (18). NF-κB via affecting expression of TNF-α decreases levels of HNF1A (19), thus it is expected to decrease expression of HNF1A-AS1. Therefore, the reduced levels of HNF1A-AS1 in PD patients might be explained by higher activity of NF-κB signaling in these patients.

Expression of DILC was higher in total PD patients, and in both sex-based subgroups. This lncRNA has been shown to inhibit the autocrine IL-6/STAT3 axis (20). STAT3 has a possible impact in the pathogenesis of PD, since the PD gene, DJ-1 has been shown to regulate astrogliosis via this factor (21). Moreover, STAT3 can trigger production of neurotoxic proteins by microglia (22). The observed up-regulation of DILC in PD patients can be a compensatory response to attenuate the harmful effects of IL-6/STAT3 axis in these patients.

Similarly, CEBPA was significantly over-expressed in total PD patients, and in both sex-based subgroups. CEBPA has been among genes of interest for PD recognized by “guilt-by-association” with the known PD-associated genes (23). CEBPA has also been reported to interact with the promoter region of leptin coding gene and regulate its expression. Leptin can be easily transported to the brain and interact with its receptors in neurons to influence neurodevelopment (24).

ATG5 had a similar high expression pattern in both sex-based subgroups of PD patients. Over-expression of ATG5 has been shown to protect dopaminergic neurons in an animal model of PD (25). Thus, upregulation of this gene in PD patients might be a compensatory response to attenuate neuron loss in these patients.

Finally, H19 was up-regulated in total cases and male cases compared with corresponding controls. This lncRNA reduces dopaminergic neuron loss in PD through modulation of Wnt/β-catenin signaling (26). Moreover, it decreases apoptosis in MPTP-associated PD via modulation of miR-585-3p/PIK3R3 axis (27).

Among PD patients, expressions of NKILA and ADINR were robustly correlated with each other. In addition, expression levels of DICER1-AS were significantly correlated with those of ADINR, PACER and H19 in these patients. Correlation analyses among healthy controls revealed robust correlations between CHAST and CEBPA, NKILA and ADINR as well as between DILC and CHAST. Thus, the pattern and robustness of correlations were affected by the presence of PD, except for NKILA and ADINR genes which were robustly correlated in both groups of study participants.

CEBPA had the best parameters among all assessed genes (AUC=0.96, Sensitivity=0.90 and specificity=0.97). DILC and ATG5 were the most appropriate markers after CEBPA with AUC values of 0.82 and 0.80, respectively. Most notably, combination of all genes improved AUC, sensitivity and specificity values to 1, 0.97 and 0.99, respectively. Therefore, this study provides clues for design of a panel of genes for diagnosis of PD or follow-up of patients. Assessment of expression profile of these genes during different stages of development of PD as well as in drug-naïve patients would help in identification of biomarker role of these genes.

Cumulatively, the current study provides evidence for participation of NF-κB-related lncRNAs in the pathoetiology of PD. Modulation of immune responses and apoptotic pathways are the most probable mechanisms of participation of these lncRNAs in the pathoetiology of PD. We recommend conduction of functional studies for appraisal of the mechanisms of involvement of these genes in the pathogenesis of PD.

Our study has some limitations. First, we did not include a group of drug-naïve patients to apprise expression of these genes in them. Second, we did not perform in vitro or ex vivo studies to unravel the mechanism of involvement of these genes in the pathogenesis of PD.

Future studies are needed to assess expression levels of NF-κB-related lncRNAs in larger cohorts of PD patients to verify their diagnostic impact. Moreover, the effect of modification of their expression on the course of PD should be assessed in animal models of PD in roder to find novel therapeutic options for this disorder.
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Lesion type

Active

Mixed
active/Inactive

Inactive

Histological features

Pattern I: activated microglia/macrophages (CD68), T cells
(CD3), centered around veins/venules

Pattern II: activated microglia/macrophages, T cells,
immunoglobuiin (igG) and complement (C9neo), centered
around veins/venules

Pattern IlI: activated microglia/macrophages, T cells,
il-defined borders, not centered around veins/venules,
selective loss of MAG, oligodendrocyte nuclear
condensation/fragmentation (apoptotic), no remyelinated
lesions

Pattern IV: activated microglia/macrophages, T cells,
non-apoptotic oligodendrocyte degeneration in the periplaciue
white matter adjacent to an active lesion, no remyelinated
lesions

Hypocellular lesion center with fim of activated
macrophages/microglia

Sharply demarcated, hypocellular, few mature
oligodendrocytes, loss of axons
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Demyelinating Post-demyelinating ~ Re-myelinated

Early: positive for MOG, CNP,  Positive only for PAS  Thin myelin sheaths
MAG, MBP and PLP, phagocytes  (non-specific debris)  in a sharply
positive for MRP14 demarcated plaque

Late: positive for MBP, PLP

MBR, Myelin basic protein, MOG, Myelin oligodendrocyte glycoprotein, PLP, Proteolipid
protein, MAG, myelin associated glycoprotein, CNP, cyclic nucleotide phosphodiesterase.
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Age at randomization
Baseline MMSE

Baseline ADAS-Cog
Baseline CDR

Baseline ADCOMS

Age left education*

Years since AD symptoms.
Years since AD diagnosis
Female N (%)

Caucasian N (%)

APOEA4 Carrier* N (%)
Height at Baseline (cm)
Weight at Baseiine (kg)
BMI at Baseline

Moderate AD

MMSE < 19
Nilvadipine Placebo
N=92 N=94
71.80 (0.95) 71.79(0.85)
16.28 (0.24) 16.23 (0.23)
43.04 (1.01) 42.95(1.03)
7.43(0.31) 6.83(0.27)
4.08(0.11) 4.02 (1)
14.82 (0.36) 16.05 (0.43)
4.62(0.28) 456 (0.27)
2.04(0.20) 1.80 0.18)
66 (71.7) 57 (60.6)
89 (96.7) 91 (96.8)
32/62 (51.6) 33/64 (51.6)
162.4 (1.07) 164.1(0.91)
67.2(1.19) 71.0(1.49)
255 (0.42) 26.4(0.50)

Mild AD
MMSE 20-24
Nilvadipine Placebo
N=118 N=113
7457 (0.77) 73.16 0.71)
21.79 (0.13) 22.16 (0.13)
30.74 (0.63) 30.96 (0.69)
4.54(0.17) 453 (0.22)
2.79(0.07) 2.84(0.09)
16.62 (0.36) 16.41 (0.35)
431(024) 436 (0.28)
1.62 (0.14) 1.75 (0.18)
77(65.3) 69(61.1)
115 (97.5) 110(97.3)
47775 (62.7) 48/79 (60.8)
163.7 (0.87) 164.8 (0.81)
66.9(1.09) 69.5(1.33)
25.0(0.36) 256 (0.42)

Very mild AD
MMSE > 25

Nilvadipine Placebo

N=36 N=44
7238 (1.25) 73.80 (1.16)
25,56 (0.09) 25.39 (0.08)
2453 (0.95) 2573 (1.07)
3.14(0.33) 3.24(0.28)
2.04 (0.14) 2.05(0.10)
18.61(0.88) 17.70(0.65)
353 (0.27) 349 (0.31)
1.33(022) 1.35 (0.22)

17 (47.2) 21@47.7)

36 (100) 43(97.7)
15/24 (62.5) 19/25 (76.0)
165.3 (1.98) 166.2 (1.43)
69.8 (2.31) 685 (1.99)
25.5 (0.65) 24.7 (0.49)

*APOE genotyping was availeble only for a subset of individuals and the age the subjects left ecucation was significantly different across MVSE categories. P < 0.05. Education
information was not available for 6 subjects and time since AD diagnosis was unavailable for 1 subjict. Although the miTT dateset was composed of 498 subjects, 1 subject withcrew
consent and therefore data on 497 subjects were available for analysis.
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Microglial state

Non-specific (also present on
macrophages)

Homeostatic

Pro-inflammatory/Disease
associated

Anti-inflammatory/Pro-
regenerative

Marker

CDB8 (transmembrane glycoprotein scavenger
receptor)

Ibat (calcium binding adapter molecule-1)
P2RY12 (purinergic (ADP, ATP) G protein coupled
receptor)

TMEM119 (transmembrane protein)

CXBCR1 (fractalkine receptor)

P22phox (NADPH oxidase)

©D85 (co-stimulatory T cell signal)

MHC class Il antigens

Feritin (on storage)

Trem2 (triggering receptor on myeloid cells,
promotes phagocytosis)

CD208 (mannose receptor)

CD163 (haptoglobin-hemoglobin scavenger
receptor)

Arginase-1

1GF-1(insulin ke growth factor-1)

TGF-beta (transforming growth factor-beta)
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Drug

Celecoxib
Celecoxib

Dapsone
Diclofenac
Hydroxychloroquine
Ibuprofen
Indomethacin
Indomethacin
Naproxen
Nimesulide
Prednisone
Rofecoxib
Rofecoxib
Tarenflurbil
Tarenflurbil
Tarenflurbil

*Patients with mild AD.
AD, Alzheimer's disease.

Dose (mg/day)

400
400
100
50
200-400
800
100-150
100
440
200
10
25
25
800-1,600
1,600
1,600

Therapy duration (month)

12
12
12
6
18
12
6
12
12
3

12
12
12
12
18
18

Number of patients

285
425
201
41
168
182
44
51
351
0
188
351

Main effect

Neutral
Neutral/detrimental
Neutral

Beneficial

Neutral

Neutral

Beneficial
Beneficial

Neutral

Neutral
Neutral/detrimental
Neutral/detrimental
Neutral

Neutral
Neutral/detrimental
Neutral

References

(07)
(208)
(209)
©10)
@11)
©12)
©13)
@14
@15)
©16)
@17)
©15)
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(220)
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Drug Dose (mg/day) Therapy duration (month)
Celecoxib 200-400 18
Rofecoxib 25 48
Trilusal 900 13

*Subjects with age-associated memory decline.
MCI, mild cognitive impairment; NSAIDs, non-steroidal anti-inflammatory drugs.

Number of patients

88"
1,457
267

Main effect

Beneficial
Detrimental
Neutral/beneficial

References

(222)
(223)
(224)
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Drug Dose (mg/day) Therapy duration (month) Number of patients Main effect
Celecoxib 400 24 2,528 Neutral/detrimental
Naproxen 220 24 160 Neutral

Naproxen 440 24 2528 Neutral/detrimental

AD, Alzheimer's disease; ADAPT, Alzheimer’s Disease Anti-inflammatory Prevention Trial: NSAIDs, non-steroidal anti-inflammatory drugs.

References

(225)
(226)
(225)
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Antibodies
Fo biocking antbody CD16/C032  BD Pharmingen
8V421 anti-MHCIOAIE) BioLegend
Spark NIR 685 antr-CD45R/B220  BioLegend
PE.CF504 anti-CD45 80 Phamingen
PE antiH-20b ThermoFisher
PerCP anti-Ly6C BioLegend
88515 ant-CD11b 80 Phamingen
APGIFire750 ant-CDG2L BioLegend
PECy7 anti-TCRY Torbo.
Aexa Flor 700 ant-H-2Kb BioLegend
Paciic Buo ant-CX3CR BioLegend
BVB50 ant-CD44 B0 Pharmingen
BV510 ant-CD4 BioLegend
BioLegend
BioLegend
BioLegend
BV785 ant F4/80 BioLegend
Rabbit znti-lbat Wako
Rabbit ant-NeuN Abcam

goal antrabbit Alexa Fluor 647 ThermoFishar
Bacterial and vius strans.

Dariel's stran - TMEV. This tab, P Aaron
Jotnson

TMEV:Xnol.OVAS. Paveio ot al. (34)

Biological samples:

Cherricai, peptides, and recombinant proteins.

Tamoxien ‘Sigma-Adich

PLX3307 (CSF1R) Plexdcon inc.

Bromodeoxyuridine (BrdU) 8D Phamingen

Critical commercil assays

Deposied data

Experimental modsls: Cel ines

L2 Cats ATCC

Experimental models: Organisms/strains.

C578L/6) Jackson Laboratories

86.PL-Thy1/OyJ Jackson Laboratories

B6.129P2(Cg)-Cxcrtim2. e/ Jackson Laboratories

ERT2)LtWgan)

B6.129P2(Cg) CxBrt™™"%y Jackson Laboratories
Tiansgenic BEH-200L0P - Triz etal (19)

200 V1)

Transgenio BOH-2KbLOP (H- Mao et (14)

2K )

Oigonucieotides
Primers for OXACR Tcre: Forward:  Inegrated DNA
AAG ACT CAC GTG GACCTG  Technologes
CT; Mutan, Reverse: CGG TTA

TTC AAC TTG CAC CA W,

Reverse: AGG ATG TTG AT

TCCGAG TG

Recombinant DNA

Software and aigorithms

imagey/Ful ‘Schneider et al. (42);
US National Insttutes
of Health

Anaiyze 120 Biomedical imaging

Resource, Mayo Cinic
Bowido vi0 Bomlo LG

IDENTIFIER

Cat, #553141
Cat. #107632
Cat. #103268
Cat 562420
Cat. # A15443
Cat. #128028
Cat, #564454
Cat, #104450
Cat. #60-5961
Cat, #116521
Cat, #149008
Cat. 4740455
Cat. #100449
Cat, #100740
Cat, #117333
Cat. #127643
Cat, #123141
010-19741

Cat, #104225
#A21245

NA

NA

5648
PUGIT
Cati51-2420KC

coL-149™
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‘Stook No. 000408
Stock No. 021160
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Number of Samples PACER DIiLC NKILA CHAST CEBPA
Case/Control SE RME PValue 95% Cl SE RME PValue 95%Cl SE RME PValue 95%Cl SE RME PValue 95% Cl SE RME PValue 95%Cl
Total 50/50 055 032 000 -272 -055 033 407 000 136 269 064 097 094 -132 122 035 132 026 -030 1.10 031 1476 0.00 326 451
F 14115 077 057 031 -239 078 065 377 001 055 328 126 120 084 -239 291 067 091 084 -155 127 053 1242 000 255 4.72
M 36/35 069 025 000 -338 -065 039 425 000 131 287 076 08 081 -1.70 133 042 154 015 -022 146 0.39 1580 0.00 321 476
ADINR H19 ATGS HNF1A-AS1 DICER1-AS1
Number of Samples SE RME P Value 95% Cl SE RME P Value 95% Cl SE RME PValue 95% Cl SE RME PValue 95% Cl SE RME PValue 95% Cl
Case/Control
Total 50/50 052 131 045 -063 142 039 219 000 037 190 022 26 1E-08 094 18 065 0.10 2E-06 -456 -1.99 041 069 021 -1.343 0.30
F 14/15 111 189 042 -136 320 079 134 059 -120 205 035 173 003 007 151 114 008 000 -597 -1.29 075 050 020 -254 057
M 36/35 058 142 078 -099 131 044 268 001 056 230 027 309 1E-07 1.09 217 078 042 000 -466 -155 049 078 049 -1.34 0.5
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Parameters Groups Values
Sex (number) Male 37
Female 138
Age [Years, mean + SD (range)] Male 69.64 + 10.59 (47-89)
Female 66.46 + 12.6 (38-85)
Duration [Years, mean + SD (range)] Male 3.18 + 3.65 (1-12)
Female 5.38 + 9.76 (1-36)
MMSE [mean + SD (range)] Male 22.84 + 3.032 (17-29)
Female 23.08 + 2.499 (19-26)
UPDRS [mean + SD (range)] Male 23.92 +7.418 (13-41)
Female 26.31 + 9.437 (16-42)
Hoehn & Yahr stage (number) | Male 8
Female 3
Il Male 18
Female 5
i Male "
Female 5
Drug administration (number) L-DOPA 46
Bromocriptine, Amantadine, Quetiapine 4
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Gene

Primer sequence

Product size (bp)

CEBPA

ATG5

PACER

DiLC

NKILA

ADINR

DICER1-AS1

HNF1A-AST

CHAST

H19

B2M

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

ACTTGGTGCGTCTAAGATGAGG
CATTGGAGCGGTGAGTTTGC
TTCGAGATGTGTGGTTTGGAC
CACTTTGTCAGTTACCAACGTCA
TGGTCCTAAGCAGTTACCCTGTA
ACCAAAATAATCCACGCATCAGG
GGAAAGGAGAGAAGAATGG
GTAAGATGTGGTTGTCGG
AACCACTATCATTTTATTTTCCATT
CAAAGCAATTCTCCTTTCCTA
TGGATGTGCTGTGATGAAGAGAAG
CCATAACACCTCCGCAGACAAATC
CCCAGCCTGCTTCCTGTTTTAAC
TTCTCTCCCATCTTCACCTTCTCC
CCAGCCTGACCTCTCCATTCC
GCCGAACTGACATCACTGAACAC
GCAGAGGGTGCCAACTTGTA
TCTCAGGGAAATCAGATTGCGG
TGCTGCACTTTACAACCACTG
ATGGTGTCTTTGATGTTGGGC
AGATGAGTATGCCTGCCGTG
CGGCATCTTCAAACCTCCA

144

134

177

144

100

a1

126

158

109

105

104
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Human

ML, AD, HC (37-43)
D, MS, ALS, HC (5, 46)
D, HC (52)

o.HC

AD.HO 51, 62)

HC (69

ML, AD, HC (66, 67)

MG, AD, HC (69-71)

D, SO, MG, FTD, DLB, ALS,
HC (40, 69, 74-82)

0, HC 9)
4D, MS, FTD, HC (85-91)

HC(109)

HC 75, 105, 106)
HC(109)

HC(10)

H (112, ALS (113)
AS (1)
MS(117)

S (120)

S (120)
Suoke (122)

£0.HC(124)

4D, HC (125, 126)

PO, ALS, MELAS (135, 137)

H (149)

D, HC (154
I, AD, HC (156-162)

D, HO (165, 167)
HG, MDD (165, 169)
MCL,MS, HC (171, 172)
AD. PD, HC (173-178)

Animal model

3xTg, APP/PS1 mice Tgi510 mice 26, 44)
APPIPSI mice, ToF3A4 fats (47-51)

Murin stroke modes (53, aged Markeys (54)
APPPS1 mice (55)

PS19, Tgi510 mico (56-59)

APPZ3, APP/PS1, PS19 mice, T4F3G34 ats (50, 59, 60)
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AP i (57, 72, 79)
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APPPS mice (83,84)
LPS injocted, 3xTg mio, TgF344 rts (35-57)

APPIPS1, PS2APP, APP23, APP-SLTO, APPSwo, AP, APF Trem2 p TE6M knock:
. PS19 i, ToFa44 ras (47, 50, 55, 90, 52-102)

LPS nfcted rts, o human prmates (103, 104)

Mice, 6-OHDA injected ras (107)

Stoke rat modd (109)

Rals (109)

LPS ijctd mico, EAE rats, non-hurman primates (110, 111)

LPS rocted mice (112, 114)

AAV31ag HP2XTR, csynucien, 6-OHDA nected ats, non-husman prmates (115, 116).
EAE, iAAVBIag PR ats (118, 119)

Rais (121)

EAE rats (120)

Mrne stroke model(122)

FTgi510, PS19, APP23, a0 AP ice, axvivo (129)
LPS rjocted, EAE, APPSi, AP S Snock i mica (54, 124)
LPS injcted, AP %5 ynockcin mice nonhuman privates (54)
APPsye mioa (125-127)

LPS testod thesus macacues (126)

LPS teated thesus macacues (129)

LPS rjocted mice (120)

Norhuman primates (131)

LPS rjocted mice (132)

LS teated mice (139)

LS teated mica (134)
Rats (135)

Brai tumor oo (138, 139)
APPACSWo, APPswe mics (140)

Murne stroko, MS, GBM modes (141-143)

Murne gioma and metastat breast cancer model (144-146)
Mrine stroke modols (147, 146)

J20APPSelnd, APPIPS1 mice (150)

LPS injected, Hustnglon, stoke mice (151, 152)
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RRMS(n = 31)
CSF protein 37.57 (26.56-43.47)
1gG index 098 (0.73-1.19)
Total thiol (-SH+-S-S)(mol/L) 337.4 (£100.0)
Native thiol (-SH)(:mol/L) 216.0 (£73.1)
Dynamic disulfide (-S-S)(umol/L) 60.6 (+33.8)
S-5-/-SH 026 (0.18-0.39)
-S-S-/(-SH+-5-5-) 0.17 (£0.08)
~SH/(-SH+-5-S-) 0.64 (£0.16)

MS (0 =52)

Progressive disease (1 = 21)

PPMS (n = 6)

47.3
0.41

357.1 (£127.8)

205.5 (+47.8)
75.8 (£74.9)
0.43 (£0.50)
0.18 (+0.11)
062 (0.22)

SPMS (0 = 15)

27.70 (25.54-43.60)
0.87 (0.64-1.51)
366.0 (£101.8)

285.0 (+66.5)
65.5 (42.0)
030 (+0.20)
0.17 (+0.08)
065 (+0.16)

NMOSD (1 =7)
AQP4+

77.42 (+£35.4)
061 (0.1)
3325 (+80.0)
206.5 (£51.9)
63.0 (+£37.3)
033 (+0.22)
0.18 (+0.08)
063 (£0.17)

MOGAD (n = 8)

MOG+

45.31(31.91-77.56)
0.58 (+0.09)
410.7 (£2815)
212.3 (£24.8)
497 (25.6-103.7)
0.24(0.10-0.56)
0.18 (£0.11)
063 (£0.22)

HC (n = 18)

316.8 (£51.0)
210.3 (£25.7)
487 (£13.7)
021 (0.04)
0.15 (+0.02)
0.69 (+0.04)

p-value®

>0.05
<0.05*
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05

MS, multiple sclerosis; RRMS, relapsing-remitting multiple sclerosis; PPMS, primary progressive multiple sclerosis; SPMS, secondery progressive multple scierosis; NMOSD,
neuromyelis optica spectrum disorders; MOGAD, myelin oligodendrocyte glycoprotein-Ab-associated disease; HC, healthy control; AQP4+, aquaporine-4 positive; MOG+, myelin

oligodendocyte glycoprotein positive; /, ratio.
*The statistical significance is marked with asterisk and bold.
aKruskal-Wallis test,
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Gender, n (%)
Female
Male
Age at sampling, y
Age at onset, y
Disease duration, y
Seropositive* Y,N, n
Medication, n (%)
Treatment Naive
Interferon beta fa
Glatiramere acetate
Interferon beta 1b
Ocrelizumab
Azathioprine
Fingolimod
Natalizumab
Rituximab
Oligoclonal band, n (%)
Negative
Type 2
Type3
Type 23
Type 4
Clinical presentation, n (%)
Motor symptoms
Polysymptomatic presentation
Brainstem symptoms
Optic neurtis
Sensorial symptoms
Sphincter dysfunction
Cerebellar symptoms
Transverse myelitis
ON-TM
Area postrema syndrome
Relapse** Y, N
Time of complaint beginning, y
EDSS
Relapse number
GD+ enhancing lesions
MRI,T2 lesions

MS (n=52)

Progressive disease (n = 21)

RRMS(n=31)  PPMS(n=6) SPMS (n = 15)
23(74.2) 2(333) 10 66.7)
8(25.8) 4(66.7) 5(33.3)
37.2 (+11.6) 480 (£11.7) 45.0 (+8.07)
33.7 (£12.1) 36.8 (£10.7) 29.0 (£10.6)
3.0(1.0-7.0) 11 (7.2-19) 15,0 (12.0-20.0)
N, 31 N, 8 N, 16
24 (77.4) 4(66.7) 2(133)
307) - -
4(12.9) - 16.7)

- - 2(13.3)

- 23339 16.7)

- = 3(20.0)

- - 4(26.7)

- - 2(13.3)
6(15.8) 6(83.3) 10 66.7)
17 (54.8) 1(16.7) 5(33.3)

1@3.2) - -
13.2) - -
7(226) 3(50.0) 4(26.7)
8(25.8) 3(50.0) 4(26.7)
132 - 2(13.3)
4(12.9) - 2(18.3)
6(19.4) - 3(20.0)
13.2) - -
4(12.9) = =
Y, 14 (45.2) N, 6 (100.0) N,15 (100.0)
4.0(2.0-80) 12 (82-20.0) 16.0 (13.0-21.0)
20(2.0-32) 5.74.1-6.6) 47 (3.8-6.6)
25(1-4) o 5.0(3.0-15.0)
0(0-1) 0 0
17.0 (8.5-40.0) 25 (25-30) 70 (25-100)

NMOSD (1 =7)

AQP4+

7(100)

48.1 (&11.1)

39.1 (+10.8)

6.0(2.0-15.0)
Y.7

4(57.1)

7(100)

4(67.4)
2(28.6)
1(14.3)
Y,1(14.3)
8(4-27)
4254)
35 (2.7-11.25)
0(0-0.25)
1.5 (0-2.26)

MOGAD (1=8)  HC(n=18)

MOG+ =

3(37.5) 13 (72.2)
5(62.5) 5078
36,8 (£7.4) 34.8(£7.5)
32.1 (+10.0) -
25(1.2-4.7) -

Y. 8 N, 18

2(25.0) E

6(75.0) -

5(75.0) -
1(12.5) -

1(125) -

6(75.0) -
1(12.5) -
1(12.5) =

Y2 (222) -
85(35-11.7) -
15(0-37) -
35(16-5.7) -
1(0-1) -
1(0-2.25) -

MS, multiple sclerosis; RRMS, relapsing-remitting multiple sclerosis; PPMS, primary progressive multple sclerosis; SPMS, secondary progressive multiple sclerosis; NMOSD,
neuromyelts optica spectrum disorders; MOGAD, myelin oligodendrocyte glycoprotein-Ab-associated disease; HC, healthy control; AQP4+, aquaporine-4 positive; MOG+, Myelin
oligodendiocyte glycoprotein positive; y, year; ¥, yes; N, no; EDSS, Expanded Disabillty Stetus Scale; GD, gadolinium; MR, magnetic resonance imaging; -, not available.

*Seropositive is indicated as Yes or No.

‘Relapse at the time of sampling is indicated as Yes or No.
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Clinical score 25(0.1) 26(02) 045
Number of microglia 13.9(0.4) 18.7 2.1) 0.02*
Iba-1 intensity 13065 (768) 14408 (938) 0.30
Maximum branch 149(13) 11.6(06) 0.049*
length (um)

Soma area (um?) 56.7 (2.5) 61.8(6.0) 0.40
Process maximum (Nm) 3.2 (0.2) 29(02) 027
Critical radius (um) 7209 6.1(02) 0.13
Nurmber of primary 2.6(0.4) 2.2(0.1) 051

branches (Np)

Mice in each group were treated to TAM at 35 days prior to EAE induction. Mice were
scored for ciinical symptoms and were sacrificed at 2-3 days post-onset of EAE. Thoracic
spinal cord samples were fixed and cross-sections (10 um) were cut (2-3 sections/mouse)
and steined with Iba-1 and TMEM119 antibodies and DAPI. For each mouse, two fields
were captured in lesioned areas of the anterior thoracic cord. Microglia (TMEM119* lba-
1*DAPI*) cells were counted in these fields and Iba-1 staining intensity was measured.
Shollanalysis was performed on Iba-1+ TMEM119+DAPI* microghia (N = 15 cells/mouse)
using the ImageJ plugin. Velues are mean + SEM of the average values obtained from
individual mice (N = 5 mice/group). The p values are marked with an asterisk () if the
difference between Cx3cr1C®ERT2:Ppardfi/i and Ppard/" were significantly different by
two-tailed T-test, N = 5 mice per group. Data are from one independent experiment.
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Cell number (10°)

Total leukocytes (CD45* cells)
B cells (CD45"B220*)
CD4* T cells (CD45*CD4*)

Frequency of CD4* T cells

IFN-y *

L7+

GM-CSF*
Neutrophils (CD45"CD11b+Ly6G+)
Monocytes/Macrophages (CD45"Ly6G~CD11b*CD11c™)
Dendritic cells (CD45"Ly6G~CD11b+CD11c+)
Microglia (CD45°CD11b*)
Other CD45"

PpardM

215@3.0)
1502
1.8(0.4)

16.2 (2.1)
24(08)
2.4(05)
80(26)
41009
37(08)
04(0.1
20(03)

CxBer1OTERT2; Pt

27.4(4.0)
22(04)
29(08)

17.0(2.6)
20(03)
28(0.7)
89(1.4)
52(05)
50(22)
0.4 (0.1)
28(03)

P-value

0.24
021
0.27

0.83
0.63
0.64
0.78
031
0.62
0.87
o1

Values are mean (SEM) of N = 4-6 mice/group. Data are from one experiment performed in male mice and are representative of two that were performed. T cells were harvested from

the spinal cord and cerebellums of mice at 3 days post onset of first clinical symptoms of EAE. Mice were matched for clinical score and disease duration.
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Clinical feature Cx3cr1CrERT2:ppard/fl - Cx3cr1CreERT2:ppardi/f

vehicle TAM
Incidence 9/9 10710
Day of onset 11.0(0.3) 11.7 (0.4)
Peak Score 28(02) 29(09)
Cumulative score 50.9(14.8) 98.9 (149
# Mice remitting to score O 79 3/90
Death from disease 09 110

Values are mean + SEM for day of onset, peak score, and cumulative score. Mice had
been injected with tamoxifen (TAM) or vehicle (com o) as @ control at 30 deys prior to

EAE induction.
2Significant from com-oil treated control by two-tailed Mann-Whitney U test (P < 0.05).
bSignificant by Fisher exact test (P < 0.05).
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Clinical feature Ppard™ male (TAM)

Incidence 18/18
Day of onset 11.2(0.4)
Peak score 2802
Cumulative score 53.0(8.1)
# Mice remitting to score 0 16/18
Death from disease 118

Cx3ertS™ERT2 Ppard"/! male (TAM)

22/22
10.3(0.5)
34027

787 (10.5)
8/22°
622

Ppard"/" female (TAM)

9
11.3(1.2)
3.1(0.4)
62.8(18.3)
a9
2/9

Cx3er1C™ERT2:ppard®/! female (TAM)

1717
11.9(08)
36(083)

83.7(105)
8M17
an7

These are data collected are pooled from two consecutive EAE experiments that were performed with simir resuts. Mice of both genotypes had been injected with tamoxiten (TAM)
at 30 days prior to EAE indluction. For day of onset, peak score, and cumulative score, values are mean + SEM.
aSignificant from sex-matched Ppard/" control by two-tailed Mann-Whitney U test (P < 0.05).

bSignificant by Fisher exact test (P < 0.05).
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PRRs  Function Approach References

TLRs TLR1  ND. TIr1=/= mice (18
TLR2  ND. T2/~ mice (19)
Pathogenic  TIr2~/= mice (recipient, passive (22)
EAE)
N.D. TIr2/~ mice (male) (18)
Pathogenic  Tir2~/= mice (female) (18
Pathogenic T2/~ mice (female recipient, (18)
passive EAE)
Pathogenic  Tir2~/~ mice 2
Protective  Agonist (Pam2CSK4) (149
Protective  Agonist (L654) (14)
TLR3  Protective  Agonist [poly(\:C)] (@5)
TLR4  ND. Tird4=/~ mice (18)
Protective  Tird=/= mice ©8)
Pathogenic  Tird=/~ mice @4
Protective  Agonist (LPS) (6)
Protective  Agonist (LPS) ©n
TLRE  ND. 6/~ mice ©8)
TLRY  Protective  Tr9~/~ mice @8
Pathogenic  TIr9~/~ mice (18)
NLRs NOD1  Pathogenic Nod1~/~ mice 2
NOD2  Pathogenic Nod2/~ mice (&)
NLRP3  N.D. Nirp3~/= mice (8)
Pathogenic Nirp3~/~ mice @0)
Pathogenic NIrp3~/~ Rag2~/~ mice ©3)
(recipient, passive EAE)
Pathogenic Nirp3~/~ mice (52)
Pathogenic Nirp3/~ mice @1
N.D. Nirp3~/~ mice (aggressive EAE) <)
Pathogenic  Inhibitor (MCC950) ©6)
Pathogenic  Inhibitor (JC-171) ©2)
NLRC3  Protective  Nirc3~/~ mice (63)
Protective  Nirc3/~ mice ©2)
NLRX1  Protective  Nirx1 =/~ mice ©7
NLRP12 Pathogenic Nip12~/~ mice (70)
Protective  Nirp12-/~ mice @)
Protective  Nirp12-/~ mice 2
RLRs MAVS  Protective Mavs~/~ mice ©1
RIG-l  Protective  Agonist (3pRNA) ©)
MDA5  Protective  Agonist [complexed poly(:C) ©
CLR MICL  Pathogenic Clec72a~/~ mice ©3)
Pathogenic  Inhibitor (blocking antibodly) ©3)
DCIR2  Protective  Clecdad™/~ mice ©3)
Dectin-1 Protective  Agonist (zymosan) 849

N.D., Not Detected.
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2218 £24.6
199.1 £ 13.7
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2256 +315
178.3 £26.5
196.1 £22.4.
2089£21.8

Duration of test phase

274 £17.0

300+ 0
300+ 0

300+ 0

300+ 0
288.1+13.7

279.4 £ 198
300+ 0
300+ 0
300+ 0
300+ 0
300+ 0

300+ 0
300+ 0
2789+ 8.4
300+ 0
2886+ 16.3
300+ 0

2016 £ 115
300+ 0
300+ 0
300+ 0
300+ 0
300+ 0
300+ 0
204+12
300+ 0
297 +£10.7
300+ 0

268.4 £25.4
300+ 0
300+ 0
300+ 0
300+ 0
300+ 0
300+ 0

TET in test phase

16.4+£1.6

17215
141£22

195417

20614
184412

18622
132416
142414
151 £ 1.1
173412
132+156

15515
169+1.4
157 £13
14215
162 +0.9
19614

154+ 1.7
Mex1.7
17114
155+£1.2
148+15
173+£13
133411
16.1£1.3
141409
154 £1.1
16313
167 £19
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Gene

IL-1B

TNF-a

iNOS

Prime

Sense
Anti-sense
Sense
Anti-sense
Sense
Anti-sense
Sense
Anti-sense
Sense
Anti-sense

Sequence (5/-3)

CAGCTTCAAATCTCGCAGCA
CTCATGTCCTCATCCTGGAAGG
ACTCCCAGGTTCTCTTCAAGG
GGCAGAGAGGAGGTTGACTTTC
CGCAGCTGGGCTGTACAAAC
CTGTGGCTCCCATGTTGCATT
ACAACCACGGCCTTCCCTA
TCATTTCCACGATTTCCCAGA
GCCACAGACGTCACTTTCCTAC
'CGGGAACACAGTCACATACCA

TNF-a, tumor necrosis factor-e; IL-6, interleukin-6; IL-18, interleukin-18; iNOS, nitric

oxide synthase.
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Antibody name Dilution  Catnumber ~Company
concentration

-MK2 Rabbit mAb ~ 1:1,000 37008 CST, USA

MK2 Rabbit mAb 1:1,000 D16188-0025 BB Life Science
-p38 Rabbit mAb 45118 CST, USA
Anti-t-p38 Rabbit mAb %2128 OST, USA
Anti-p-ERK Rebbit mAb 4370T GST, USA
AMO76-1 Beyotime
AB8ST CST, USA
AJ518-1 Beyotime
GAPDH Rabbit mAb 51748 CST, USA
Second antibody A0208 Beyotime
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