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Abstract

Microglia, the resident immune cells of the CNS, are primary regulators of the neuroimmune 

response to injury. Type I interferons (IFNs), including the IFNαs and IFNβ, are key cytokines in 

the innate immune system. Their activity is implicated in the regulation of microglial function both 

during development and in response to neuroinflammation, ischemia, and neurodegeneration. Data 

from numerous studies in multiple sclerosis (MS) and stroke suggest that type I IFNs can 

modulate the microglial phenotype, influence the overall neuroimmune milieu, regulate 

phagocytosis, and affect blood–brain barrier integrity. All of these IFN-induced effects result in 

numerous downstream consequences on white matter pathology and microglial reactivity. 

Dysregulation of IFN signaling in mouse models with genetic deficiency in ubiquitin specific 

protease 18 (USP18) leads to a severe neurological phenotype and neuropathological changes that 

include white matter microgliosis and pro-inflammatory gene expression in dystrophic microglia. 

A class of genetic disorders in humans, referred to as pseudo-TORCH syndrome (PTS) for the 

clinical resemblance to infection-induced TORCH syndrome, also show dysregulation of IFN 

signaling, which leads to severe neurological developmental disease. In these disorders, the 

excessive activation of IFN signaling during CNS development results in a destructive 

interferonopathy with similar induction of microglial dysfunction as seen in USP18 deficient mice. 

Other recent studies implicate “microgliopathies” more broadly in neurological disorders 

including Alzheimer’s disease (AD) and MS, suggesting that microglia are a potential therapeutic 

target for disease prevention and/or treatment, with interferon signaling playing a key role in 

regulating the microglial phenotype.
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Introduction

Microglia are key components in the innate immune system of the central nervous system 

(CNS) [1, 2], however recent studies also suggest that microglia have vital functions in 

development [3, 4] and homeostasis of the CNS [5–7]. Microglia are produced from a subset 

of yolk sac cells originating early during embryonic development that migrate into the brain 

[8–10], and display a unique transcriptome that distinguishes them from both CNS and 

peripheral immune cells [11]. Developmental functions of microglia include refinement of 
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synaptic networks, promotion of developmental apoptosis, removal of apoptotic cell corpses, 

positioning of neurons within the developing cortex, and precise secretion of growth factors 

for neuronal survival (reviewed by Ransohoff [12]). Microglial contributions to adult brain 

function include adjusting neuronal firing rates to optimize neural networks and producing 

neuromodulatory factors that support synaptic plasticity [12]. Under normal physiologic 

conditions, microglia are characterized by a small cell body with fine, ramified processes 

and low expression of surface antigens [13]. In the unperturbed brain, microglial processes 

are dynamic structures with constant changes in process length and position [14]. Microglia 

express an armamentarium of genes (microglia sensome) encoding surface receptor proteins 

of various types to sense their local microenvironment. These genes include pattern 

recognition, chemokine/cytokine, purinergic, and Fc receptors among others [15]. Upon 

encountering signals from invading pathogens or damaged cells, microglia rapidly undergo 

marked phenotypic, metabolic and gene expression changes [16, 17]. In many cases these 

encounters induce a transient classical ‘activation’ state in microglia with release of specific 

pro-inflammatory chemokines and cytokines [18–20] as well as marked morphological [13] 

and functional changes [16, 17]. Over time, the microglial transcriptomic and phenotypic 

responses to a stimulus may evolve toward a more immunomodulatory, anti-inflammatory or 

even neuroprotective state [21, 22]. Aging, neurological disease, and neurodegeneration also 

trigger microglial reactivity and induce distinctive changes in the microglial transcriptome 

[23]. Microarray analysis of ex vivo sorted microglia have identified a common microglial 

gene expression signature in mouse models of neurodegeneration and aging [24, 25], which 

prominently features expression of type 1 interferon stimulated genes (ISGs) [24].

Type 1 interferons (IFNs), key cytokines in the innate immune system, include 13 IFNα 
subtypes and IFNβ, all of which signal through the IFNAR receptor complex [26, 27]. The 

type I IFN surface receptor is a heterodimer consisting of IFNAR1 and IFNAR2, that are 

associated with tyrosine kinases Janus kinase 1 (Jak1) and Tyk2 (Fig. 1). Receptor binding 

by type I IFNs brings the IFNAR1 and IFNAR2 subunits together and results in cross-

phosphorylation and activation of Jak1 and Tyk2, and subsequent phosphorylation of 

STAT2, which then associates with STAT1 through an SH2-p-Tyr interaction, leading to the 

phosphorylation of STAT1. Phosphorylated STAT1 and STAT2 form a complex with IFN 

regulatory factor 9 (IRF9) called ISGF3. The ISGF3 complex then binds to IFN-stimulated 

response elements (ISRE) in promoter regions of multiple genes and stimulates type I IFN-

dependent gene transcription. Proteins encoded by interferon-stimulated genes (ISGs) 

include ISG15, MX1, IRF8, IFIT proteins, MX2, USP18, IFI27, CXCL10, CCL8, and CCL5 

[28–30]. Type I IFNs have numerous immunomodulatory functions in both the innate and 

adaptive immune systems [29]. Although type 1 IFNs are classically up-regulated in 

response to viral infection, recent studies have implicated them as key regulators of the 

neuroimmune response triggered by non-infectious causes of CNS injury [29, 31, 32] and 

type I IFNs are also important in experimental neuroprotective phenomena such as LPS 

preconditioning [33].

Microglia-related genes have now been associated with a number of specific neurological 

and neuropsychiatric disorders [34]. In particular, genetic variations in cd33 [35, 36], trem2 
[37, 38], and apoE [39], all three of which encode proteins expressed in microglia and 

involved in Aβ clearance, are risk factors for Alzheimer’s disease (AD) [40, 41]. For 
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example, TREM2 is a microglial specific protein, which binds to apolipoproteins, including 

APOE, and facilitates Aβ clearance [41]. However, a large meta-analysis of many AD 

patients also revealed several other susceptibility loci that impact other genes related to the 

innate immune functions of microglia including cr1, hla-drb5, clu, abca7 [42]. These genes 

have multiple and varied effects on the ability of microglia to phagocytose, metabolize 

lipids, and engage in critical cell signaling processes [43]. Loss-of-function mutations in the 

microglia-specific genes dap12 or trem2 cause polycystic lipomembranous osteodysplasia 

with sclerosing leukoencephalopathy (Nasu-Hakola disease) [44]. This disorder is 

characterized by psychotic symptoms and dementia and is associated with diffuse 

abnormalities in CNS white matter [44]. Another neurological disorder with marked 

involvement of CNS white matter is hereditary diffuse leukoencephalopathy with spheroids 

(HDLS). HDLS is caused by mutations in the csf1r gene that encodes the tyrosine protein 

kinase that acts as cellular receptor for both colony stimulating factor-1 and IL-34 [45, 46]. 

CSF1R plays an essential role in hematopoetic precursor cell development, particularly cells 

of myeloid lineage, and inhibition of CSF1R signaling results in rapid and dramatic 

depletion of CNS microglia [47]. Prolonged treatment with a CSF1R antagonist prevented 

neuronal loss in a mouse model of AD [48] and improved functional outcome following 

extensive neuronal loss in the hippocampus [49]. Interestingly, CSF1R antagonist pre-

treatment exacerbated post-stroke inflammation and brain infarction [50]. These seemingly 

divergent effects suggest that microglia play variable roles in the CNS injury response, and 

treatments must be carefully tailored to the specific disease or injury context. Other genes 

encoding microglial gene products, including TNFRSF1A and IRF8, have been identified at 

susceptibility loci in multiple sclerosis (MS) [51]. The latter of these molecules is an 

interferon regulatory factor (IRF), and there is growing evidence for a strong connection 

between interferon signaling, microglial dysfunction, and neurological disease, which will 

be discussed within this review.

Type I Interferon Signaling in Microglia Modulates Neuroimmune Response 

to CNS Injury

Microglia may play a role in the clearance of myelin debris through their phagocytic activity, 

and may also provide support to oligodendrocytes and axons. Disruptions in microglial 

activation may result in deficits within these roles, leading to detrimental effects within 

white matter. Activated microglia are characteristic in many neuroinflammatory disorders 

and have been observed early in the process of CNS inflammation, often before the onset of 

disease symptoms and infiltration of peripheral immune cells into the CNS [32, 52]. Once 

activated, microglia can exhibit phagocytosis activity, which can be modulated by type I 

IFNs in differing ways. Type I IFNs increase phagocytosis, including the phagocytosis of T 

cells [53]. Clearance of infiltrating immune cells is necessary for resolution of an 

inflammatory episode. Additionally, type I IFNs mediate the pruning of degenerating axons 

[54], which may be beneficial for maintenance of homeostasis. Clearance of degraded 

myelin, apoptotic cells, and cellular debris is necessary for the reduction of inflammation 

and facilitates axonal outgrowth, but may also result in worsening disease progression in 

some scenarios due to overpruning of healthy synapses [55, 56], suggesting that tight 

regulation of phagocytosis is necessary for a balance between beneficial clearance and 
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overactive phagocytosis resulting in pathology. The modulatory effects of type I IFNs on 

microglial phagocytosis suggest potential therapeutic benefit in targeting this pathway in 

diseases where aberrant microglial phagocytosis of healthy synapses [55] can lead to the 

progression of neurodegenerative diseases.

Interestingly, Toll-like receptor (TLR)-4 signaling appears to also be required for type I IFN 

mediated clearance of axonal debris [57], which suggests that multiple innate immune 

pathways are critical in the normal functioning of microglia and in regulating their responses 

to injury and inflammation. The molecular basis for glial activation typically involves TLR 

signaling, which can induce type 1 IFNs under the appropriate stimulus [19, 20, 31]. TLRs 

are capable of recognizing a number of structural motifs in viral and microbial RNA and 

DNA, pathogen-associated molecular patterns (PAMPs), as well as endogenous damage-

associated molecular patterns (DAMPs). The latter group includes factors such as heat shock 

protein-70 (HSP70) and fibronectin [58]. In microglia, TLR4 is highly expressed, as is its 

co-receptor, CD14 [58, 59]. CD14 is required for TLR4-agonist induced production of 

IFNβ, and CD14-dependent IFNβ induction in turn regulates TLR4 activity and curbs 

excessive pro-inflammatory reactions in microglia [58]. Recent studies suggest that under 

certain conditions, HSP70 can stimulate IFNβ production by microglia via TLR2 and/or 

TLR4 signaling [60]. Innate immune pathways, including TLRs [59, 61, 62] and type 1 IFN 

signaling [33, 61, 63], are furthermore implicated in neuroprotective responses to ischemia 

and stroke. Of special note, TLR3 activation strongly induces production of type 1 IFNs by 

glial cells [19, 20] and we show here that TLR3 and TLR4 agonists can act synergistically in 

vitro to induce robust release of IFNα from microglia (Fig. 2). These data suggest that the 

outcome of activating certain innate immune pathways, for example TLR4 alone by specific 

DAMPs released due to injury, may be modulated by treatments that activate synergistic 

TLRs, TLR3 in this example, to change the inflammatory milieu to a neuroprotective 

phenotype. Furthermore, such in vitro studies shed light on the complexities of an in vivo 

system, where multiple innate immune pathways may be engaged, to various outcomes that 

may be unexpected based on simple in vitro studies examining the activation or inhibition of 

a sole TLR. A recent in vivo study on the rat spinal cord suggests that a TLR4 agonist 

promotes macrophage activation and phagocytosis of debris after a demyelinating insult, 

oligodendrocyte precursor proliferation, and remyelination of damaged axons in the spinal 

cord white matter [64]. The implications of these studies are that microglia could be engaged 

through TLR-signaling, perhaps targeting TLR3 and TLR4, in the brain to perform similar 

functions to promote the remyelination of white matter lesions.

In experimental autoimmune encephalomyelitis (EAE), a mouse model widely used to gain 

insights into the pathophysiology of MS and other demyelinating diseases with white matter 

effects, interferon dysregulation has been reported. Both EAE and MS result in 

inflammation and demyelination of axons in the CNS. Multiple clinical studies of MS 

patients have demonstrated conclusively that IFNβ reduces the frequency of clinical events 

and delays the progression of disability in relapsing-remitting MS, however the treatment is 

not without side effects [67]. In vivo mouse studies in EAE aiming to elucidate the 

mechanisms behind IFNβ treatment and response in MS patients have revealed early onset 

of local IFNβ production, and ISG expression, in the CNS shortly after inoculation of 

animals with a MOG-peptide to induce EAE [32]. IFNAR1 deficient animals, immunized 
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with MOG to induce EAE, exhibited earlier onset of symptoms, increased infiltration of 

macrophages into the CNS, exacerbated symptoms and increased mortality compared to 

immunized WT animals [32]. Microglial cells were strongly implicated as the primary 

responders to IFNβ signaling in this study, with type I IFNs heavily modulating the 

activation state of microglia [32]. The timing of these effects suggests that IFNβ is an early 

response to neuroinflammation, with the data from the IFNAR1 deficient animals implying 

that it is neuroprotective and may delay onset of symptoms. The contribution of IFNβ 
facilitates a transition from a pro-inflammatory to a regulatory immune environment, thus 

ameliorating symptoms of MS. Additional mouse studies on the suppressive effect that 

administration of the TLR3 agonist poly I:C has on EAE suggest that this effect is mediated 

by induction of type I IFNs [68]. In this study, myeloid cells in the meninges and choroid 

plexus, parenchymal microglia, and CD45high leukocytes produced type I IFNs in response 

to poly I:C exposure, and consequently microglia and astrocytes up-regulated the ISG 

products IRF7, IRF9, and CXCL10 [68]. Interestingly, microglia expressed higher levels of 

IRF7 than astrocytes [68], suggesting a greater response and engagement of the interferon 

signaling machinery in microglia. Our results showing a synergistic effect of TLR3/TLR4 on 

type I IFN production (Fig. 2) suggest that TLR3-type 1 IFN mediated effects, such as the 

ones described above in EAE, could be enhanced by addition of other TLR agonists in a 

form of combination therapy.

As noted above, IFNAR1 deficient animals that had been inoculated with MOG-peptide to 

induce EAE had increased infiltration of macrophages into the CNS [32]. While this may be 

due, in part, to regulation of cytokine/chemokine production, which may enhance 

chemotaxis of peripheral immune cells into the CNS, there is also a growing body of 

evidence that suggests IFNβ is capable of affecting the integrity of the blood brain barrier 

(BBB). Studies on the effects of type I IFN treatment in MS suggest that IFNβ stabilizes the 

BBB, which results in reduced infiltration of peripheral immune cells into the CNS [69–71]. 

Similarly, in a model of ischemic stroke, IFNβ was found to promote integrity of the BBB, 

block infiltration of immune cells, and reduce infarct volume [72]. IFNβ knock-out (KO) 

mice showed a higher accumulation of leukocytes in the brain after middle cerebral artery 

occlusion (MCAO) [73], as did IFNAR1 KO mice [31], suggesting increased permeability of 

the BBB to cellular infiltrates in the absence of intact type 1 IFN signaling. These effects of 

type I IFNs on the BBB integrity may have several consequences for diseases or injury with 

a marked white matter component. A growing body of data suggests that peripheral immune 

cells may be the primary effectors of axonal damage in MS and EAE [74], and therapies that 

reduce the infiltration of peripheral immune cells after ischemic stroke show improved post-

stroke outcomes and recovery in rats [75, 76]. Thus treatment of disease or injury of white 

matter pathology with type I IFNs may have multiple positive effects on disease progression 

or inflammatory resolution, not only through microglial-dependent mechanisms, but also by 

preserving the BBB integrity to prevent peripheral immune cell infiltration. The peripheral 

immune cells produce large quantities of cytokines, many regarded as “neurotoxic” [77–79], 

which affect not only oligodendrocytes and axons, but also influence microglial activity, 

which can have further negative effects on oligodendrocytes and axonal integrity.

Recent publications suggest that microglia could play a protective role in stroke [80–83], 

with interferon pathways strongly implicated in microglial responses to ischemia. In a study 
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comparing WT and IFNβ KO mice, there were no significant differences in infarct volume 

after MCAO (stroke) [33], suggesting that IFNβ is not an outcome-determining factor in the 

acute stroke response. However, when IFNβ was administered immediately prior to MCAO, 

but not immediately after MCAO, there was a 35% reduction in infarct volume [33], 

suggesting that type 1 IFNs are neuroprotective against ischemia. The critical difference that 

these studies highlight is that timing of interferon administration or expression is important. 

However, the lack of improvement following administration of IFNβ to wild-type mice after 

stroke as well as the finding that IFNβ deficient mice show similar outcomes following 

stroke, suggests that the role of IFNβ in the acute phase of stroke is not an outcome-

determining parameter. Instead, we posit that type I IFNs may play a role in the subacute 

and chronic phases of stroke recovery, promoting resolution of inflammation and a 

quiescence of microglial and peripheral immune cells. Studies by our lab and others also 

suggest that type I IFNs play a role prior to stroke by inducing neuro- or axonal-protection, 

and thus type I IFNs may be used to induce a preconditioning effect.

Ischemic preconditioning (IPC) is a brief period of ischemia that confers robust 

neuroprotection against subsequent prolonged ischemic events, including stroke [84–86]. It 

is important to note that preconditioning does not prevent stroke, but ameliorates the 

response and results in a smaller infarct volume and improved post-stroke recovery [33, 87, 

88]. IPC induces a reprogramming of the transcriptional response to stroke, which results in 

a neuroprotective phenotype, rather than the destructive inflammatory phenotype observed 

after stroke alone [87–89]. The mechanisms behind IPC are complex and many, and have 

been reviewed extensively elsewhere [90]. Of note, however, is that TLRs and type I IFNs 

are specifically and strongly implicated in the establishment of IPC in many studies [33, 61–

63, 91], which implies that immune cells, and microglia by extension, may be important in 

this phenomenon. Using a model of white matter preconditioning, our lab has been able to 

demonstrate that interferon signaling in microglia is required for IPC. Following an IPC 

stimulus, optic nerves, a pure white matter tract, were collected and subjected to oxygen-

glucose deprivation (“ischemic stroke-like conditions”) [61]. As parameters for evaluating 

the preconditioning effect in this ex vivo model, compound action potentials (CAPs) and 

axonal integrity were measured and found to be improved in preconditioned mouse optic 

nerves, and neurofilament staining measures of axonal integrity more closely resembled 

sham controls than non-preconditioned optic nerves [61]. These preconditioning effects 

were abolished entirely in ex vivo optic nerve preparations from TLR4 KO and IFNAR1 KO 

mice. When IFNAR1fl/fl mice were crossed with LysMCre mice to create a myeloid cell-

targeted knockdown of IFNAR1, the preconditioning effect was also abolished [61]. These 

data strongly suggest that IPC-mediated neuroprotection is dependent on interferon 

signaling specifically in microglia in a white matter model of ischemia. Another recent study 

also strongly suggests that microglia are neuroprotective in the post-stroke brain. When 

microglia were depleted by a drug targeting CSF1R, post-ischemic inflammation and 

infarction were exacerbated [50]. Taken together, these data suggest that context is also 

important. While microglial phagocytosis may become dysregulated and lead to the pruning 

of healthy synapses resulting in pathology [55, 56], in the post-ischemic brain, microglial 

functions including regulation of astrocyte activity [50] are necessary for restraining 

inflammatory processes and preventing tissue damage and neuronal death. As the era of 
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personalized medicine evolves, multiple factors including the timing of drug administration, 

disease-specific context of treatment, and an individual’s genetic profile will all heavily 

influence treatment plans for diseases and disorders in which microglia are implicated, either 

as primary or secondary mechanism of injury or neuroprotection.

Studies on in vivo, endogenous effects of type I interferons and related genes have shed 

some light on the role these play in the post-stroke brain, and suggest therapeutic targeting 

of type I interferons and related signaling pathways. Using IFNβ KO mice, Inacio et al. [73] 

identified a role for endogenous IFNβ signaling in exerting anti-inflammatory actions in 

experimentally induced focal cerebral ischemia, another model of ischemic stroke. 

Consistent with these findings, genetic deficiency of CD14, required for microglial 

production of type I IFNs, results in marked increases in post-MCAO infarct volume [58]. 

IFNβ modulates inflammatory processes in stroke, in part by suppressing inflammatory 

cytokine production and reducing microglial activation, resulting in reduced infarct volume 

and improved neurobehavioral outcomes [92]. Both of these outcomes are important in 

experimental stroke research. Infarct volume is a measure of cerebral infarction, tissue in 

which neuronal death has occurred, which is an undesirable consequence of ischemic stroke. 

Neurobehavioral outcomes are considered a reliable metric of functional outcomes of an 

experimental therapy. However, neurobehavior and infarct volume may not correlate [93], 

and a therapy that results in improved neurobehavioral function but no change in infarct 

volume, may still be considered successful and desirable for patients, for whom post-stroke 

immobility and disability, as well as cognition and neuropsychiatric status, are leading 

concerns [94].

Dysregulation of Type I IFN Signaling Leads to White Matter Specific 

Microgliopathy

Although the activation of microglia is necessary to respond to pathogens and damage 

signals from injured or apoptotic cells, excessive microglial activation is implicated in the 

pathogenesis of various neurological disorders [34]. The ability of microglia to restrain 

inflammation, for example, via the secretion of dampening immunomodulators such as 

IL-10 and TGF-β [95], is also critical in a variety of neurological disorders. Although, as 

stated above, the type I IFN response is protective in a variety of models of neurological 

disease, excessive induction or over-activation of type I IFN signaling may be detrimental as 

well—and the potency of this effect may be greatest in white matter [96]. In particular, 

Goldmann et al., recently demonstrated that the ubiquitin-specific protease (USP) 18 (also 

named UBP43 [97]) is a key molecule imposing microglial quiescence in the white matter. 

Mice with genetic deficiency in usp18 exhibit a severe neurological phenotype including 

convulsions, tremor, and loss of balance with early mortality [97]. Gross neuropathological 

assessment shows marked hydrocephalus secondary to aqueductal stenosis and ependymal 

cell necrosis associated with early mortality [97]. Goldmann et al. demonstrated that usp18 
is abundantly and specifically expressed in white matter microglia [98]. While there were no 

obvious histopathological abnormalities in the gray matter, a significant increase of Iba1+ 

microglia was detectable in several white matter regions in USP18 KO mice, and microglia 

had a white matter selective pro-inflammatory phenotype [98]. Additionally, USP18 KO 
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brains exhibited clusters of microglia in the white matter that strongly resembled the 

neuropathological state in several human microgliopathies (Table 1) [98]. Furthermore, these 

mice exhibited constitutive activation of type I interferon signaling pathways resulting in 

markedly elevated expression of multiple ISGs [98]. The neuropathological state in the 

USP18 KO mice could be accurately described as a microglia-targeted, white matter 

specific, type I interferonopathy [98].

The mechanisms connecting USP18 to interferon signaling, and how USP18 may affect this 

pathway, are numerous (Fig. 1). One function of USP18 protein is to proteolytically cleave 

and remove the conjugated ubiquitin-like modifier ISG15 from multiple cellular target 

proteins [104]. ISG15 is one of many interferon stimulated gene products [105] and is key in 

the process of ISGylation, which is implicated in a range of biological activities, including 

antiviral defense and innate immune system function [97, 105, 106]. As noted above, mice 

lacking usp18 exhibit dysregulation of ISG15 and injury due to necrosis of ependymal cells 

concurrent with hydrocephalus and early death [107]. However, these phenotypic alterations 

were not reversed or improved in isg15/usp18 double KO mice and thus were suggested to 

be ISG15-independent [97]. USP18 deficiency results in prolonged activation of STAT1, a 

key regulatory factor in the type 1 IFN signaling pathway (Fig. 1), specifically in white 

matter microglia and particularly within the context of a challenge to the immune system 

[96–98]. Goldmann et al., elegantly confirmed the ISG15-independent nature of the 

prolonged microglial STAT1 activation in white matter by demonstrating the absence of 

these findings in mice with a single point mutation in usp18 that replaces a key cysteine 

residue and renders the protein proteolytically inactive [98]. They further demonstrated that 

white matter microglia from mice with a different point mutation disrupting the interaction 

between USP18 and IFNAR showed prolonged STAT1 activation mirroring the interferon 

signaling findings in the USP18 KO mice [98]. These findings indicated that USP18 

restrains type I IFN signaling, and defects in USP18 results in hypersensitized microglia 

with persistent activation after a stimulus [96, 98].

In humans, maternal exposure to microbial pathogens can cause severe damage and result in 

TORCH syndrome. Consequences of TORCH syndrome include microcephaly, white matter 

disease, cerebral atrophy, and calcifications in the CNS. Pseudo-TORCH syndrome (PTS) 

refers to infants born with a clinical phenotype that matches TORCH, but for which there is 

a non-infectious cause [99]. The genetic cause in most PTS cases is unknown. However, one 

known rare Mendelian mimic of congenital infection, overlapping with and falling under the 

umbrella of PTS, is Aicardi-Goutières syndrome (AGS). AGS is genetically heterogeneous, 

caused by mutations in any of the following genes: three prime repair exonuclease (trex1), 

ribonuclease H2 subunits a, b or c (rnaseh2a, b or c), SMA and HD domain containing 

deoxynucleoside triphosphate triphosphohydrolase 1 (samhd1), adenosine deaminase RNA 

specific (adar1) or interferon induced with helicase C domain 1 (ifih1) [101, 102]. AGS 

results from an aberrant accumulation and/or sensing of IFN-stimulatory nucleic acids, 

which is then misrepresented as viral/non-self by the innate immune machinery, leading to a 

persistent induction of type 1 IFN-mediated inflammation. Similar increases in type 1 IFN 

production have also been documented in genetic disorders in which other components of 

the IFN signaling pathway are constitutively activated [100, 108–110]. This group of 

disorders includes cases of ISG15 deficiency in humans, which exhibit abnormally strong 
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type I IFN responses and elevated levels of type I IFNs, intracranial calcification, a 

predisposition towards epileptic seizures, and low levels of USP18 [100]. In another recent 

study, Meuwissen et al. [99] made clinical observations of two unrelated families affected 

with PTS demonstrating that patients with a genetic mutation in usp18 displayed a 

neuropathological and neuroimmune phenotype matching mouse models of usp18 
deficiency, including a strong induction of the innate immune system as evidenced by robust 

induction of activated astrocytes and microglia in patient brains, and high constitutive 

activation of phosphorylated STAT1 [99]. Fibroblasts derived from patient tissues also 

demonstrated high levels of ISG transcripts as a consequence of unrestrained IFN signaling 

[99]. The similarities between USP18 deficient human tissue from PTS brains and fetal 

brains infected with diseases resulting in TORCH syndrome suggest that timely regulation 

of IFN signaling is crucial for non-pathological development of the brain in utero. Microglia 

function as the primary immune cells of the CNS, and they are the primary targets of innate 

immune signaling molecules, including interferons, in the brain. This concept is supported 

by recent studies in mouse described above demonstrating the importance of USP18 for 

modulating IFN signaling in microglia [98].

Neurotherapeutic Targets

Targeting white matter microglia may have translational applications to diseases in which 

white matter microglia display pathologies. In MS, a frequently reported observation in the 

brain of donors are clusters of microglial cells within regions of normal appearing white 

matter at the borders of lesions [103]. These microglial clusters result in the deposition of 

Complement C3 in chronic MS, and also in late stage stroke and traumatic brain injury 

(TBI) lesions [103], suggesting that these microglial clusters might be a feature of chronic 

neurodegeneration following white matter predominant CNS injury. However, further 

studies are needed to show if these are also present in other neurodegenerative disorders 

such as Parkinson’s, Amyotrophic Lateral Sclerosis (ALS) and AD. Although the 

contribution of these clusters to disease or injury outcome is unknown, a recent study 

demonstrated that complement signaling resulted in microglial phagocytosis of synapses 

early in AD onset [55]. A combination of aberrant microglial accumulation (clustering), 

combined with increased reactivity (including complement signaling) may all be factors that 

contribute to microglial dysregulation, resulting in degeneration of synapses in pre-disease 

states, such as early pre-symptomatic AD. Thus, targeting white matter microglia may 

enable the manipulation of these clusters, and/or other non-cluster associated white matter 

microglia, in a desirable and clinically beneficial manner to promote resolution of disease 

and effect clearance of harmful debris. Regulation of axonal and cellular debris clearance is 

necessary for the maintenance of a healthy CNS, however a balance must be maintained 

between clearance of debris and clearance of healthy synapses [53, 54, 56, 57]. Regulation 

of microglial phagocytosis is attributable to pathways such as TLRs and type I interferon 

signaling, which have numerous components optimal for pharmacological targeting. For 

example, USP18 as discussed above, specific components of the Jak/Stat pathway within the 

type I IFN signaling cascade or TLR signaling associated components such as CD14, TRIF, 

and Myd88. Additionally, ISGylation is understood to be important for modulation of the 

interferon signaling pathway [111], but the exact mechanisms and consequences have not 
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been fully elucidated and further research into ISGylation may reveal novel therapeutic 

targets for modulating this potent and molecularly unique pathway.

Several drugs have shown promise in modulating microglial phenotype under some 

conditions, including minocycline [112], IL-1 receptor agonists [113], small molecules 

targeting the IL-1 pathway [114], and other pharmacological agents. Similar strategies could 

be developed for targeting components of interferon signaling, for example USP18 and 

IRFs. The identification of ifit1, an ISG, as an immunological bottleneck [115] also suggests 

that downstream components like ISGs themselves, may be potential targets for modulating 

microglial response and phenotype. Modulating endogenous production of type 1 IFNs in 

the CNS, and/or regulating IFN receptors are potentially viable therapeutic strategies. Type 1 

IFNs induce an entire program of ISG expression and wide ranging post-translational 

modifications that have not been studied in microglia, or any CNS cell type. Some ISG 

products may prove to be important in mediating the IPC response and could become novel 

targets for therapeutic intervention in stroke, as suggested by the neuroprotective effects that 

IFNβ exerts on ischemic stroke [63, 73].

There have been a number of recent and exciting developments in our ability to specifically 

target microglia experimentally (reviewed by Wieghofer et al. [116]). These advances have 

included microglia selective/specific genetic conditional knockdown and knock-in 

approaches as well as pharmacologic agents that show varying degrees of microglial 

selectivity/specificity [116]. Engraftment of bone marrow derived cells, with attempts to 

drive these cells down a differentiation pathway to resemble mature microglia, have had 

mixed results with respect to inducing bone marrow derived cells to infiltrate and populate 

the brain and in directly transplanting cells [34]. Combination therapies involving the 

pharmacological depletion of the endogenous microglia to facilitate engraftment of donor-

derived infiltrates show some encouraging results [117]. However, this study highlights the 

need for further research into achieving long-term or permanent eradication of host 

microglia, which is complicated by the existence of a pool of endogenous progenitor cells in 

the CNS capable of repopulating the brain with microglia after withdrawal of a depleting 

drug [49, 117]. Achieving complete and permanent depletion of native microglia may be 

essential to successful microglial transplant therapies. However, with future research, 

immune cell transplantation strategies may become viable therapeutic options in 

combination with gene therapy and pharmacologics, or other novel treatments. This 

combinatory approach may be especially useful in cases of microgliopathies due to inborn 

genetic errors, such as those observed in AGS and other PTS disorders. Furthermore, as 

genetic components of neurodegeneration are being identified in microglia, gene therapies 

combined with transplantation may serve to repopulate the brain with reprogrammed 

microglia.

Future Directions

Innate immune signaling pathways such as TLRs and type I IFNs are critical to regulating 

multiple aspects of microglial pathology, ranging from phagocytosis to stimulation of 

peripheral immune cells. Furthermore, these components are implicated in other processes, 

which regulate the CNS microenvironment and have more systemic effects, such as 
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maintaining integrity of the BBB. Further characterization of these innate immune pathways 

in microglia will allow for more comprehensive identification and understanding of the 

components involved in microglial reactivity and return to quiescence in neurological 

disorders characterized by ‘sterile’ inflammation. For example, the studies on the role of 

USP18 in white matter microglia suggest that USP18 is critical in the regulation of 

interferon signaling and lead to the identification of important molecules that could be 

targeted by pharmacological compounds to modulate interferon signaling, and by extension 

microglial function in a number of neurological disorders. The white matter specificity of 

the USP18 effect on microglia is of particular interest and further developments in this area 

may have implications for an entire range of neurological disorders in which there is a 

preponderance of white matter pathology including demyelinating disease, multiple cerebro-

vascular disorders associated with leukoencephalopathy and vascular cognitive impairment, 

infectious or post-infectious leukoencephalopathies and, as we have discussed above, genetic 

leukoencephalopathies, including ones associated with a destructive interferonopathy. In 

order to most efficiently and specifically target microglia in these disparate clinical settings, 

a greater understanding of microglial heterogeneity, particularly differences in microglial 

phenotype and function in white versus grey matter or in one specific brain region versus 

another, may be necessary.
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Fig. 1. 
Type I Interferon signaling pathway. Activation—IFNα or IFNβ binding to the IFNAR 

receptor complex, a heterodimer consisting of IFNAR1 and IFNAR2, induces cross-

phosphorylation of the proteins Tyk2 and Jak1, which are associated with IFNAR1 and 

IFNAR2, respectively. Subsequently, STAT1 and STAT2 are phosphorylated and associate 

with IRF9 to form a transcriptional complex that translocates into the nucleus and interacts 

with interferon-stimulated response elements (ISRE) to induce transcription of interferon-

stimulated genes (ISGs) including isg15, mx1, usp18 and ifit1. Inhibition—Interferon 

signaling is restrained or inhibited by USP18, which associates with IFNAR2 and competes 

for binding with Jak1, thus blocking the association between IFNAR and Jak1 and 

preventing phosphorylation and the downstream cascades. Dysregulation—In the mouse 

USP18 KO and in human patients with deficient USP18, the interferon signaling pathway is 

dysregulated at several levels. INFAR complex formation and activation is unrestrained in 

the absence of signal, and hypersensitized to inflammatory events that produce low levels of 

IFNs. This results in persistent phosphorylation of STAT1 and STAT2 and elevated ISG 

expression. ISG15 accumulates as a consequence of increased transcription and is not 

cleaved from ISGylated proteins. Consequently, microglia are activated and secrete pro-

inflammatory cytokines to induce CNS inflammation. Clinical outcomes of this observed in 

humans and mice are hydrocephalus, microcephaly, white matter microgliopathy, and early 

death
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Fig. 2. 
The TLR3 agonist, poly I:C, induces IFNα release and exhibits synergy with TLR4 agonists 

lipopolysaccharide (LPS) and heat shock protein 70 (HSP). No IFNα release could be 

detected from primary cultured microglia under control conditions or after treatment with 

LPS inhibitor polymyxin b (PMX). Nor could IFNα release be detected upon stimulation 

with TLR4 agonists alone (LPS, HSP70). Primary microglia stimulated with poly I:C alone 

did release IFNα. Stimulation with poly(I:C) and LPS (TLR3 and TLR4 co-stimulation) 

synergistically enhanced the release of IFNα in a dose dependent manner that reached a 

plateau effect, as did treatment with both poly I:C and HSP70 at specific doses. Methods—

Primary microglia were harvested and cultured as previously described [65, 66]. Microglia 

were treated with indicated concentrations (μg/mL) of poly I:C (InvivoGen, San Diego, CA), 

100 EU/mL LPS (Control Standard Endo-toxin; Associates of Cape Cod, E. Falmouth, MA), 

10 μg/mL HSP70 (BioVision, Milpitas, CA), and/or 10 μg/mL polymyxin b (Sigma, St. 

Louis, MO). Media from cell culture was collected and IFNα levels determined by ELISA 

(R&D Systems, Minneapolis, MN)
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Table 1

Primary and secondary human microgliopathies

Disease Clinical hallmarks Gene(s) Cited studies

Human diseases in which microgliopathy plays a primary role

Nasu-Hakola disease Progressive dementia, 
multifocal bone cysts

DAP12 or TREM2 Paloneva et al. [44]

Hereditary diffuse 
leukoencephalopathy with 
spheroids (HDLS)

White matter disease, 
personality and behavioral 
changes, dementia, depression, 
Parkinsonism, seizures

CSF1R Nicholson et al. [45], 
Rademakers et al. [46]

Pseudo-TORCH syndrome 
(PTS), including Aicardi–
Goutières syndrome

Microcephaly, white matter 
disease, cerebral atrophy, CNS 
calcifications, neonatal seizures

USP18, ISG15, TREX1, RNASEH2(A, B, or C 
isoforms), SAMHD1, ADAR1, IFIH1

Goldmann et al. [98], 
Meuwissen et al. [99], 
Zhang et al. [100], Crow 
and Rehwinkel [101], 
Rice et al. [102]

Human diseases exhibiting white matter microgliopathy as a pathological feature

Multiple sclerosis Demyelination, muscle 
weakness, ataxia, vision 
problems, chronic pain and/or 
exhaustion

Demyelinating lesions with microglial clusters Prinz et al. [32], 
Marziniak and Meuth 
[67]

Alzheimer’s disease Progressive loss of neurons and 
synapses leading to cognitive 
decline

Microglial clustering around plaques Michailidou et al. [103], 
Hong et al. [55]

Stroke Brain infarction and neuronal 
death leading to impaired 
motor function

Late-stage infarct border clustering of microglia 
and peripheral immune cells

Michailidou et al. [103], 
Becker et al. [75], Becker 
et al. [76]

Traumatic brain injury Highly variable cognitive, 
emotional, and motor 
impairments

Complement-enriched microglia clusters Michailidou et al. [103]
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