
1 

 

nature 
REVIEWS 

Nature Reviews referee guidelines 

Review articles 

Nature Reviews publishes timely, authoritative articles that are of broad interest and exceptional quality. Thank 
you for taking the time to help us to ensure that our articles meet these high standards. 

Review articles in Nature Reviews journals provide accessible, authoritative and balanced overviews of a field 
or topic. These articles are targeted towards readers from advanced undergraduate level and upwards, 
including researchers, academics and clinicians, and should be accessible to readers working in any discipline. 

Please submit your report in narrative form and provide detailed justifications for all statements. Confidential 
comments to the editor are welcome, but it is helpful if the main points are stated in the comments for 
transmission to the authors. 

Please note that all Nature Reviews articles will be thoroughly edited before publication and all figures will be 
redrawn by our in-house art editors. We therefore request that you concentrate on the scientific content of the 
article, rather than any minor errors in language or grammar. 

Please consider and comment on the following points when reviewing this manuscript: 

• Is the article timely and does it provide a useful addition to the existing literature? 

• Are the scope and aims of the article clear? 

• Are the ideas logically presented and discussed? 

• Is the article accessible to a wide audience, including readers who are not specialists in your own field? 

• Does the article provide a balanced overview of the literature? Please bear in mind that it may not be 
possible to cover all aspects of a field within such a concise article. 

• Does the article provide new insight into recent advances? 

• Is the discussion fair and accurate? Although our authors are encouraged to be opinionated, they should not 
ignore alternative points of view. 

• Do the figures, boxes and tables provide clear and accurate information? Are there any additional or 
alternative display items that you think that the authors should include? 

• Are the references appropriate and up-to-date? Do they reflect the scope of the article? 

• Are you aware of any undeclared conflicts of interest that might affect the balance, or perceived balance, of 
the article? 



2 

 

TITLE PAGE 

 

Title:  

Non-neuronal cells in amyotrophic lateral sclerosis – pathogenesis to biomarkers 

 

Authors:   

Björn F. Vahsena, Elizabeth Graya, Alexander G. Thompsona, Olaf Ansorgea, Daniel C. 

Anthonyb, Sally A. Cowleyc, Kevin Talbota, Martin R. Turnera 

 

Affiliations: 

a Oxford Motor Neuron Disease Centre, Nuffield Department of Clinical Neurosciences, 

University of Oxford, John Radcliffe Hospital, Oxford OX3 9DU, United Kingdom 

b Department of Pharmacology, University of Oxford, Mansfield Road, Oxford OX1 3QT, 

United Kingdom 

c James Martin Stem Cell Facility, Sir William Dunn School of Pathology, University of 

Oxford, South Parks Road, Oxford OX1 3RE, United Kingdom 

 

Corresponding authors: 

Martin Turner, Email: martin.turner@ndcn.ox.ac.uk 

Kevin Talbot, Email: kevin.talbot@ndcn.ox.ac.uk 

 

  



3 

 

Abstract 1 

A motor neuron centric view of pathogenesis may be a significant factor in the failure to identify 2 

disease-modifying therapy for the neurodegenerative disorder amyotrophic lateral sclerosis 3 

(ALS). Non-neuronal cells have crucial homeostatic functions within the central nervous 4 

system, and evidence of involvement in the pathophysiology of several neurodegenerative 5 

disorders, including ALS, is accumulating. Microglia and astrocytes, in crosstalk with 6 

peripheral immune cells, may exert both neuroprotective and adverse effects, indicating the 7 

highly nuanced nature of neuronal and non-neuronal cell interactions. This review provides an 8 

overview of the physiological roles of non-neuronal cells in relation to the pathogenesis of ALS, 9 

and the emerging potential of non-neuronal cell biomarkers to advance therapeutic 10 

development.  11 

  12 
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Introduction  13 

Amyotrophic lateral sclerosis (ALS) is the third commonest neurodegenerative disorder after 14 

Alzheimer’s disease (AD) and Parkinson’s disease (PD), and is characterised by the loss of 15 

cortical, brainstem and spinal anterior horn motor neurons. Progressive paralysis typically 16 

results in death from neuromuscular respiratory failure, with a median survival from symptom 17 

onset of 30 months. However, there is significant clinical heterogeneity in site of onset, pattern 18 

of progression, variation in rate of progression and overall survival. Together with the 19 

clinicopathological overlap with frontotemporal dementia (FTD), this indicates that the 20 

pathophysiology is driven and modified by complex biological factors1. 21 

 22 

The aetiology of most ALS cases is still unclear, but a mutation in a single gene is found in up 23 

to 15%, including familial and apparently sporadic cases, with multiple genes involved2. The 24 

commonest is a dynamic hexanucleotide repeat expansion in the first intron of C9orf72, found 25 

in ~40% of familial ALS (and FTD) cases3,4, while ~20% are associated with mutations in 26 

SOD15, and less than 5% each with mutations in the TARDBP (encoding TDP-43)6 and FUS 27 

genes7. Nearly all cases of ALS (and 50% of FTD) are associated with characteristic nuclear 28 

clearing and cytoplasmic aggregation of the 43kDa transactive response DNA binding protein 29 

TDP-438. This neuropathological signature occurs in both neuronal and non-neuronal cells, 30 

with the exception of the 3% of all ALS cases associated with mutations in the SOD1 and FUS 31 

genes. The relative selectivity and non-random pattern of degeneration of cortical and spinal 32 

cord motor neurons suggests that ALS is a system degeneration, but genetic heterogeneity also 33 

points to a clinicopathological syndrome arising from a broad range of upstream converging 34 

biological processes1.  35 

 36 

In experimental models, multiple motor neuron-intrinsic, so-called cell-autonomous, pathways 37 

have been implicated in ALS pathogenesis, including mitochondrial dysfunction, axonal 38 
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transport, RNA metabolism and nucleocytoplasmic transport9. Although most show some 39 

response to therapeutic modulation in disease models, clinical translation has proved elusive. 40 

Riluzole and the free-radical scavenger edaravone are the only licensed disease-modifying 41 

drugs for ALS, with extremely limited impact on survival and rate of progression respectively. 42 

 43 

One of the potential reasons for the recurrent failure of clinical trials is the focus of pre-clinical 44 

models on motor neurons. Non-neuronal cells exert crucial homeostatic functions in the central 45 

nervous system (CNS), and an increasing body of evidence now implicates their involvement 46 

in ALS pathogenesis. This pathogenic involvement of non-neuronal cells in neurological 47 

disease is commonly referred to as “neuroinflammation”. However, the meaning of this term is 48 

context-dependent and not clearly defined in relation to the specific cell types to which it refers. 49 

In rodent models of ALS, non-neuronal cells exert both harmful and protective, so-called non-50 

cell-autonomous, influences on neurons. To overcome the limitations of these models imposed 51 

by species-specific differences in cellular function, induced pluripotent stem cell (iPSC)-52 

derived cells have the potential to provide new insights into the specific functions of human 53 

non-neuronal cells pertinent to neurodegenerative disorders, including ALS. A further major 54 

barrier to therapeutic development in neurodegenerative disorders such as ALS is the lack of 55 

objective human biofluid markers of disease activity, and molecules derived from non-neuronal 56 

cells are of increasing interest as potential biomarkers10. 57 

 58 

In this review we outline the role of non-neuronal cells in CNS physiology, with particular 59 

focus on microglia, astrocytes, and oligodendrocytes. We consider the evidence for their 60 

involvement in ALS pathogenesis, and the prospects for novel biomarkers against which to 61 

assess emerging therapeutics. 62 

  63 
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Non-neuronal cells in the CNS 64 

Non-neuronal cells in the CNS comprise those resident in the parenchyma, most importantly 65 

glia (subdivided into microglia, astrocytes, oligodendrocytes and oligodendrocyte progenitors 66 

NG2-glia) but also pericytes, endothelial, and ependymal cells. The prevailing dogma that glial 67 

cells significantly outnumber neurons has been questioned recently, with a glia-neuron ratio 68 

suggested to be nearer 1:111. The perception of glia as passive ‘bystanders’ has been overcome 69 

by research showing that all glial cell types are of high functional importance in CNS 70 

development and physiology12,13. In addition, CNS-associated macrophages and peripheral 71 

non-neuronal cells, such as blood monocytes and macrophages, granulocytes and lymphocytes, 72 

and natural killer (NK) cells, reside on the borders of the CNS14. There is emerging evidence 73 

that these non-resident non-neuronal cells can also exert relevant physiological functions in the 74 

CNS14.  75 

 76 

In the following sections, we introduce the different non-neuronal cell types in the CNS, 77 

including their physiological functions and the evidence from human post mortem and 78 

neuroimaging studies for their involvement in ALS. 79 

 80 

Glia in CNS physiology and human ALS 81 

Microglia 82 

Microglia (~5-10% of glial cells11,15) are the resident macrophages of the CNS, originating from 83 

yolk sac-derived precursors that migrate into the CNS during neurodevelopment16,17 and 84 

maintain their population by self-renewal18. Depending on the surrounding milieu, microglia 85 

are either in a resting or activated state19. Previously considered dormant under homeostatic 86 

conditions, microglia are in fact highly active cells in their resting state, continually surveying 87 

and scanning the environment with their highly motile ramified processes20. Detection of any 88 
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disturbance to CNS homeostasis leads to microglial activation, resulting in rapid changes in 89 

their morphology, associated with alterations in their gene expression and functional 90 

behaviour21,22. Microglial activation has been classically conceptualized as one of two polarized 91 

stages: a pro-inflammatory M1 and an anti-inflammatory M2 phenotype23-25 (for an overview 92 

on respective markers and cytokines, see a recent review26). Broadly, M1 microglia are thought 93 

to induce or exacerbate neuron dysfunction, while M2 microglia are considered 94 

neuroprotective27,28. However, it is now recognised that this is an overly simplistic view of 95 

microglia physiology and that their state of activation should rather be seen as a spectrum that 96 

is dependent on age, location, and the nature of the environmental challenge21-23. For example, 97 

constitutive MHC class II expression on microglia is higher in cerebellar white matter and the 98 

lumbar spinal cord than elsewhere in the brain29. Using this variety of activation states and their 99 

immense capacity to interact with their environment, microglia execute crucial functions in the 100 

maintenance of CNS homeostasis by providing nurture and support to neurons and other cells 101 

via the secretion of soluble factors, synaptic refinement, clearance of dead cells or mis-folded 102 

proteins, and protection from infectious agents30. 103 

 104 

In human ALS31,32, and in pre-symptomatic carriers of SOD1 mutations33, widespread cerebral 105 

microglial activation was demonstrated by PET imaging in vivo. In post mortem ALS, elevated 106 

levels of microglial transcripts, increased microglial density, and activated microglial 107 

morphology have been found in addition to motor neuron degeneration34,35. Microglial 108 

activation correlated with neuronal and axonal loss, and was present in individuals that 109 

exhibited more rapid disease progression and greater burden of clinical upper motor neuron 110 

signs, but it has been hard to establish whether this association is causal or a consequence of 111 

the accelerated pathology35,36. Carriers of the C9orf72 expansion showed particularly extensive 112 

microglial activation post mortem26,35.  113 

 114 
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Astrocytes 115 

Astrocytes (~20-40% of glial cells11,37), which originate from the neuroepithelium and share a 116 

common progenitor with neurons and oligodendroglia, control homeostasis in the CNS37,38. In 117 

close cross-talk with microglia, astrocytes maintain ion, neurotransmitter and energy 118 

homeostasis, perform synapse pruning, and provide trophic support to neurons37,39. Disturbance 119 

to CNS homeostasis leads to the transformation to reactive astrocytes, accompanied with 120 

substantial transcriptomic changes40,41. Corresponding to the M1/M2 concept used widely to 121 

categorize microglia phenotypes, A1 and A2 phenotypes have been recently proposed to 122 

broadly classify the diverging reaction of astrocytes to different stimuli39,42. Similar to their 123 

microglial counterparts, A1 astrocytes are proposed to have neurotoxic properties, while the A2 124 

phenotype is connected to astrocyte-mediated neuroprotection42-45.  125 

 126 

In ALS post mortem tissue, similar to microglia, an increased presence of reactive astrocytes 127 

has been described, in addition to degenerating motor neurons46-50, corroborated indirectly in 128 

vivo using PET to demonstrate cerebral white matter and pontine astrocytosis in patients51.  129 

 130 

Oligodendrocytes and NG2-glia 131 

Oligodendrocytes (~50-75% of glial cells11,52) are myelin-producing cells in the CNS 132 

originating from precursors cells called NG2-glia53,54. In addition to their canonical function in 133 

neuronal action potential propagation, key roles of oligodendrocytes in providing metabolic 134 

support to neurons have been described54. In concert with astrocytes, oligodendrocytes maintain 135 

axonal integrity, survival, and adaptation54,55. Interestingly, NG2-glia have recently been 136 

implicated in modulating microglial function56. 137 

 138 

Oligodendrocyte pathology has been found in multiple areas of the CNS in ALS46,47,57, and its 139 

relevance underscored by the consistent presence of TDP-43 inclusions in oligodendrocytes57.  140 
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Non-glial non-neuronal cells  141 

CNS-associated macrophages  142 

In addition to microglia, a distinct population of CNS-associated meningeal, perivascular, and 143 

choroid-plexus macrophages are recognised58,59. These cells form a stable population residing 144 

physiologically at the CNS interface and do not enter the CNS parenchyma14,59. Their detailed 145 

physiological function is only beginning to emerge; currently they are considered important for 146 

controlling the permeability of the blood-brain barrier (BBB), and the transport of metabolites 147 

to and from the CNS58.  148 

 149 

Peripheral immune cells 150 

The entry of peripheral immune cells into the CNS parenchyma is highly restricted in a healthy 151 

state, and only activated CD4+ T-cells, and not CD8+ T-cells, traffic into the CNS regardless of 152 

the antigen specificity60, while neutrophils and B-cells are rarely, if ever, found in the healthy 153 

brain parenchyma14,61. It remains unclear why only specific leukocyte populations infiltrate, but 154 

there is low basal expression of MHC class I on endothelial cells and there is no basal expression 155 

of MHC class II. Upon injury, however, multiple peripheral immune cell types, both innate and 156 

adaptive, such as granulocytes, monocyte-derived macrophages, lymphocytes, and NK cells, 157 

can be recruited from the blood circulation across the BBB14,61. There is emerging evidence for 158 

close cross-talk and communication between these infiltrating cells and resident glial cells, 159 

modulating glial function in both protective and harmful ways14. 160 

 161 

In ALS post mortem tissue, peripheral cells, such as CD4+ and CD8+ T-cells, macrophages, and 162 

NK cells, infiltrate multiple areas of the CNS34,46,62, suggesting that there is a contribution of 163 

immune-mediated events to the pathogenesis of ALS. 164 
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Key questions based on human pathology 165 

These findings outline a key role for CNS and peripheral non-neuronal cells in ALS, raising the 166 

questions of whether the observed involvement of non-neuronal cells is beneficial or 167 

detrimental, if different cell types play divergent roles in the pathophysiology and whether their 168 

roles change over the ALS disease course, and if non-neuronal cell involvement is a primary 169 

driver of neurodegeneration or a secondary reaction to tissue injury. 170 

 171 

Non-neuronal cells in ALS models 172 

Aiming to answer the key questions arisen from human neuroimaging and post mortem studies, 173 

researchers have employed a variety of experimental ALS models (Table 1). The following 174 

sections examine how in vitro and in vivo models for the commonest mutations in SOD1, TDP-175 

43, and C9orf72 have improved understanding of the functional role of different non-neuronal 176 

cell types in ALS by providing mechanistic insight into their contribution to ALS 177 

pathophysiology and pathogenesis including disease onset and progression. 178 

Microglia in ALS 179 

SOD1 models 180 

Transgenic animals expressing a mutant form of human SOD1 (mSOD1) recapitulate some of 181 

the key clinical features of human ALS such as progressive motor abnormalities and paralysis, 182 

with pathological evidence of protein aggregation, motor neuron degeneration and gliosis, and 183 

have thus been widely used as a disease model63-65. Corresponding to the results obtained from 184 

human post mortem tissue, microglial activation is reported consistently in SOD1 models and, 185 

in some studies, occurs well before the onset of clinical disease66-68. Selective expression of 186 

different forms of mSOD1 in motor neurons was found to be insufficient to induce motor 187 

neuron degeneration69,70 or, with higher transgene expression, resulted in mild phenotypes71,72. 188 
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Although it is difficult to compare these results with the phenotypes found in animals 189 

ubiquitously expressing mSOD1, these data underscore the importance of non-cell-autonomous 190 

factors from non-neuronal cells in the disease pathogenesis. The expression of SOD1G37R in 191 

motor neurons was found to determine disease onset and early disease progression, while 192 

selective expression of SOD1G93A in microglia was not sufficient to cause motor neuron 193 

degeneration73. Similarly, shRNA-mediated silencing of SOD1G93A in motor neurons delayed 194 

the disease onset but had no effect on the progression once the disease commenced74, whereas 195 

deletion of SOD1G37R in microglia substantially slowed later disease progression, but did not 196 

significantly alter earlier phases of disease75. 197 

 198 

These data indicate that the observed activation of microglia, in SOD1 models at least, seems 199 

to be a secondary mechanism in response to neuronal damage and leading to disease 200 

exacerbation rather than a primary disease driver. This notion was further corroborated by an 201 

assessment of pro- and anti-inflammatory markers at early and late disease stages. Microglia 202 

isolated from SOD1G93A mice at disease onset showed higher expression of M2- and lower 203 

levels of M1-associated markers, respectively, compared with end stage disease76. Furthermore, 204 

SOD1G93A M2 microglia isolated at disease onset were neuroprotective in co-culture with motor 205 

neurons, whereas SOD1G93A M1 microglia from end-stage disease were neurotoxic76. 206 

Mechanistically, the anti-inflammatory cytokine IL-10 was up-regulated at pre-symptomatic 207 

stages, with disease onset delayed by overexpression of IL-10 and precipitated by antibody-208 

mediated blockade77. However, several studies demonstrated that mSOD1-expressing 209 

microglia increase the production of neurotoxic factors. Compared with wild-type microglia, 210 

cultured primary SOD1G93A microglia released more reactive oxygen species (ROS), such as 211 

superoxide, and nitric oxide (NO) and less insulin-like growth factor (IGF-1), reducing the 212 

survival of co-cultured primary neurons, both in naïve and LPS-stimulated conditions73,78 (FIG. 213 

1). As a proof of principle, pre-treatment with L-NIL, an iNOS inhibitor, increased motor 214 
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neuron survival in co-culture78. In line with these results, treatment of mSOD1G93A microglia 215 

with mSOD1G93A recombinant protein, in comparison with SOD1WT treatment, led to a strong 216 

increase in TNF-α, IL-1β, and superoxide release as well as iNOS expression, while IGF-1 217 

production declined, and caused motor neuron toxicity in co-culture79. Again, this neurotoxicity 218 

was rescued by concomitant application of L-NIL in combination with the NADPH oxidase 219 

inhibitor apocynin79. While increased TNF-α release was also found after LPS-stimulation of 220 

cultured primary SOD1G93A microglia compared with wild-type microglia80, TNF-α KO in 221 

SOD1G93A and SOD1G37R mice did not affect life span or motor neuron loss81, demonstrating 222 

that TNF-α is likely not a direct mediator of neurotoxicity in SOD1-ALS. In contrast, IL-1β KO 223 

slowed disease progression in SOD1G93A mice82 but did not alter the disease course in SOD1G37R 
224 

mice83, suggesting that its neurotoxic effect is model-dependent. 225 

 226 

Overall, the evidence currently points to early neuroprotective effects followed by a transition 227 

to toxic properties for microglia over the disease course in SOD1 models, during which both 228 

loss of neurotrophic support and gain-of-function toxicity play a role. However, it appears likely 229 

that this is an oversimplification of the true microglial disease phenotype. While many studies 230 

focused on specific M1/M2-associated markers, another study demonstrated by RNA 231 

sequencing that microglia isolated from SOD1G93A mice showed concurrent expression of both 232 

neuroprotective and toxic factors at different time points during disease progression, thereby 233 

differing from M1/M2 phenotypes and suggesting the existence of an ALS-specific microglial 234 

phenotype that overlaps with other neurodegenerative diseases84. Future studies analyzing 235 

microglial gene and protein expression using unbiased “omics” approaches in pre-symptomatic, 236 

early and late stages of the disease are necessary to shed light on the detailed functional role of 237 

microglia in SOD1 models.  238 
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 239 

TDP-43 models 240 

The discovery of cytoplasmic aggregates of TDP-43 as the signature common to 97% of all 241 

ALS cases was followed by their striking absence in those associated with SOD1 mutations. 242 

Although the human clinical syndromes of SOD1 and non-SOD1 mutation-associated ALS 243 

have many features in common, these molecular developments have marked a significant shift 244 

away from the use of SOD1 transgenic models.  245 

 246 

In TDP-43 models, cellular dysfunction is currently thought to arise from a combination of 247 

cytoplasmic mislocalization-induced toxic gain-of-function and loss of nuclear TDP-43. Most 248 

studies have focused on the cell-autonomous effects of neuronal expression of mutant TDP-43 249 

or TDP-43 aggregates, but some studies have also analyzed the microglial response to mutant 250 

TDP-43 expression or exogenous treatment with TDP-43. In both human ALS post mortem 251 

cortex tissue and mice expressing TDP-43A315T, which developed time-dependent gait 252 

abnormalities, motor neuron degeneration, and premature death85, microgliosis and rod-shaped 253 

microglia (i.e. a reactive microglial phenotype described in many encephalopathies, such as 254 

neurosyphilis) have been found in addition to degenerating upper motor neurons86.  255 

 256 

However, this does not resolve the issue as to whether microglia are actively involved in the 257 

disease pathogenesis in TDP-43 models or merely show a response, harmful or protective, to 258 

neuronal damage. Cell culture experiments have aimed to study their functional role. The 259 

addition of wild-type and different forms of mutant TDP-43 to primary microglial cultures leads 260 

to microglial activation and upregulation of pro-inflammatory markers, such as TNF-α and IL-261 

1β (FIG. 1), with mutant TDP-43 eliciting a more pronounced response87,88. While treatment of 262 

motor neurons with TDP-43A315T caused no toxicity in the absence of microglia, neurotoxic 263 
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effects were observed in co-culture87. TDP-43 aggregates added to primary microglia cultures 264 

were internalized, also leading to the release of pro-inflammatory factors including IL-1β89.  265 

 266 

While these results are in line with the conceived neurotoxic microglial response in SOD1 267 

models of ALS, there is conflicting evidence from other TDP-43 models. In a mouse model in 268 

which neuronal cytoplasmic TDP-43 aggregation could be reversibly induced in by expression 269 

of TDP-43 lacking the nuclear localization sequence, progressive motor dysfunction and motor 270 

neuron loss was associated with only subtle microglial changes90. However, the subsequent 271 

suppression of neuronal mutant TDP-43 expression caused a drastic proliferation of microglia, 272 

leading to the clearance of neuronal TDP-43 aggregates and functional recovery. It is unclear 273 

why this only occurs once the expression of the transgene is halted, unless mutant TDP-43 274 

expression actually inhibited microglial activity directly, or downregulation of endogenous and 275 

nuclear TDP-43 reduced the normal expression of factors driving neuronal-microglial crosstalk. 276 

The application of PLX3397, a CSF1R/c-kit inhibitor that depletes microglia, resulted in 277 

impaired motor function of these mice, demonstrating a neuroprotective effect of microglia in 278 

this model90. While these results were surprising, the depletion of microglia eliminates the 279 

parallel neurotoxic and neuroprotective contribution of this population and thus it is hard to 280 

evaluate the relative contribution of microglia to death or survival in this model. Supporting the 281 

neuroprotective contribution of microglia, in zebrafish expressing TDP-43 in motor neurons 282 

UV-induced neuronal injury led to neurodegeneration and TDP-43 redistribution and release, 283 

which was prevented by microglial phagocytosis91. It is noteworthy that in both studies wild-284 

type microglia were used. Therefore, it is uncertain whether microglia expressing mutant TDP-285 

43 or TDP-43 aggregates can exert similar neuroprotective effects. Aggregated TDP-43 was 286 

found in microglia in post mortem tissue and TDP-43 was experimentally shown to be a 287 

regulator of microglial phagocytosis via modulation of lysosomal biogenesis57,92. Conditional 288 

knock-out of TDP-43 in microglia promoted the phagocytic clearance of β-amyloid in a mouse 289 



15 

 

model of AD, but it also led to enhanced synapse loss92. Importantly, less β-amyloid and 290 

increased microglial activation were found in ALS post mortem tissue with TDP-43 291 

pathology86,92. Mutant TDP-43 or TDP-43 aggregates in human microglia could therefore skew 292 

microglial properties towards neurotoxicity through gain-of-function toxicity due to 293 

cytoplasmic mislocalization or loss-of-function toxicity due to loss of nuclear TDP-43. Whether 294 

these beneficial microglial effects are translatable into human disease therefore remains unclear 295 

and requires validation in models with combined neuronal and microglial TDP-43 pathology. 296 

 297 

C9orf72 models 298 

Microglia have the highest C9orf72 expression of any cell type in the brain, and analysis of post 299 

mortem tissue from ALS patients carrying the C9orf72 expansion has confirmed microglial 300 

activation and upregulation of inflammatory pathways93. Three hypotheses for the 301 

pathophysiological effect of the hexanucleotide expansion in C9orf72 have been made: loss-of-302 

function through reduced C9orf72 expression (haploinsufficiency), gain-of-function toxicity 303 

due to the formation of RNA foci, or primarily through repeat associated non-ATG (RAN) 304 

translated dipeptide repeat proteins (DPRs)94. Hence, the role of microglia has been examined 305 

in the context of loss- versus gain-of-function toxicity.  306 

 307 

Most C9orf72 transgenic mouse lines show widespread production of DPRs and RNA foci, and 308 

therefore demonstrate key gain-of-function mechanisms of the C9orf72 mutation, but with no 309 

overt ALS motor phenotype, motor neuron degeneration, or inflammatory response95-97. Other 310 

studies have focused on analyzing the effects of the selective expression of specific DPRs. 311 

Poly(GA) inclusions are the most abundant in patients98, and mouse models with neuron-312 

specific expression of poly(GA) demonstrate motor deficits and microglial activation99-101. 313 

Neuronal poly(GA) expression was found to be associated with immune and cytokine pathway 314 

activation99,101, in which microglia isolated from end-stage poly(GA) mice showed a pro-315 
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inflammatory phenotype with pronounced activation of interferon-associated genes101. 316 

Presymptomatic treatment of poly(GA) mice with an anti-GA antibody has been reported to 317 

reduce poly(GA) inclusions, motor deficits, the levels of neurofilament light chains as a proxy 318 

for axonal damage, cytoplasmic TDP-43 mislocalization, and microglial activation99. The 319 

authors hypothesized that anti-GA antibody treatment might neutralize secreted poly(GA) or 320 

enhance its degradation, and attenuate a harmful microglial response99.  321 

 322 

Mice expressing poly(PR), the most neurotoxic DPR based on in vitro analyses, showed no 323 

clear ALS phenotype or microglial activation in one study101 but with motor neuron loss and 324 

microglial activation in another102. Poly(GR) mice show neuronal cell loss and 325 

microgliosis103,104. Mouse models expressing other DPRs are yet to be published, but there 326 

seems to be consensus that neuronal DPR inclusions induce microglial activation. Whether this 327 

leads to neuroprotection or enhanced toxicity remains unresolved. 328 

 329 

The consequences of the C9orf72 expansion induced loss-of-function on microglia have also 330 

been investigated. C9orf72+/- and C9orf72-/- mice failed to develop clinical ALS or show 331 

evidence of neurodegeneration93,96,105. Instead, progressive splenomegaly, lymphadenopathy, 332 

and upregulation of pro-inflammatory cytokines in the periphery were found in C9orf72-/- mice, 333 

outlining a crucial role of C9orf72 in the immune system93,96,106. Reduced expression of 334 

C9orf72 led to the upregulation of microglial activation genes, increased levels of the pro-335 

inflammatory cytokines IL-1β and IL-6, and caused accumulation of lysosomal markers93,107.  336 

 337 

Together, increasing neuronal dysfunction and aggregate release from diseased C9orf72 338 

neurons in concert with concomitant C9orf72 loss-of-function in microglia might skew 339 

microglia to a neurotoxic phenotype. This notion is underscored by a study in which the 340 

strongest neurotoxicity was observed after concomitant hexanucleotide repeat expression and 341 
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C9orf72 knock-out108 which in combination also induced the strongest microglial response. 342 

However, most results were significantly more pronounced in homozygous C9orf72 knock-out 343 

mice, which do not recapitulate the rather mild reduction in C9orf72 levels observed in C9orf72 344 

expansion carriers. Similarly, although C9orf72 mutation-dependent RNA foci formation have 345 

been described in microglia107, their potential impact on microglial function has not been 346 

evaluated to date. DPR inclusions have thus far not been demonstrated in microglia in human 347 

post mortem tissue or C9orf72-based animal models109. There is a need for more authentic 348 

disease models, in which gain-of-function and loss-of-function toxicity can be concomitantly 349 

modeled in both neurons and microglia. Only then, it will be possible to disentangle the effects 350 

of C9orf72 mutations on microglia and their pathophysiological role in crosstalk with diseased 351 

neurons.  352 

 353 

Summary 354 

Taken together, clear microglial activation is found in SOD1, TDP43, and C9orf72 models of 355 

ALS. While neuroprotective microglial properties have been found in some paradigms, mostly 356 

in early disease phases in SOD1 animals, there is currently a relative consensus across these 357 

different models that the expression of mutations in these genes in microglia, together with 358 

primary motor neuron damage and release of protein aggregates, results in a pro-inflammatory 359 

microglial phenotype. Evidence from SOD1 models demonstrates that this pro-inflammatory 360 

phenotype causes neurotoxicity via soluble mechanisms. For TDP-43 and C9orf72 models, 361 

however, a direct neurotoxic effect of pro-inflammatory microglia has not yet been conclusively 362 

demonstrated. This is warranted in order to refine our understanding of whether microglial 363 

activation can be targeted to combat neurodegeneration during ALS pathophysiology. 364 

 365 
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Astrocytes in ALS 366 

SOD1 models 367 

Astrocytosis has been found in SOD1G37R mice before onset of a motor phenotype, though it is 368 

unclear if this precedes motor neuron degeneration, and it increases during disease 369 

progression75,110. Astrocyte-restricted expression of SOD1G86R in transgenic mice resulted in 370 

astrocytosis, but no ALS disease phenotype was evident111. Conversely, selective deletion of 371 

SOD1G85R from astrocytes delayed disease onset and prolonged early disease progression112, 372 

while SOD1G37R deletion did not affect disease onset but significantly slowed later disease 373 

progression110. In keeping with these findings, transplantation of wild-type glial precursors that 374 

differentiated into astrocytes in the spinal cord of SOD1G93A rats prolonged survival and disease 375 

duration and attenuated motor neuron degeneration113, while transplanted SOD1G93A astrocyte 376 

precursors induced motor neuron death and motor dysfunction in wild-type rats114. These data 377 

are consistent with the effect of microglia in SOD1 models, indicating that astrocyte activation 378 

contributes to neurotoxicity in disease pathogenesis.  379 

 380 

In co-culture experiments, the expression of different forms of mutant SOD1 in astrocytes led 381 

to the death of primary and mouse stem-cell derived motor neurons via the release of soluble 382 

factors the identity of which is not yet determined, and this effect was more severe when co-383 

cultured with mutant SOD1-expressing motor neurons115-119. In contrast, knockdown of mutant 384 

SOD1 attenuated astrocyte-mediated toxicity towards motor neurons119. Pathways involved in 385 

mutant SOD1-expressing astrocytes include dysregulated pro-nerve growth factor release, 386 

increased expression and secretion of molecules related to oxidative stress, dysregulated TGF-387 

β signaling, and elevated pro-inflammatory gene expression 118,120-126 (FIG. 1). Recently, using 388 

a combination of bioinformatic prediction models and experimental validation, it was shown 389 

that one of the mechanisms by which mutant SOD1G93A-expressing astrocytes kill wild-type 390 

motor neurons is amyloid precursor protein (APP) fragment release and activation of death-391 
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receptor-6 (DR6) on motor neurons, which is prevented by DR6 knock-out and knockdown127. 392 

These findings suggest that expression of mutant SOD1 in astrocytes leads to gain-of-function 393 

non-cell-autonomous neurotoxicity. Loss-of-function effects in mSOD1-expressing astrocytes 394 

have also been described, for instance, a reduction in their homeostatic function in lactate 395 

provision, altered release of neurotrophic factors, and attenuated protection for neurons from 396 

glutamate-induced excitotoxicity68,121,124,128,129 (FIG. 1). As a proof of concept, restoring these 397 

functions improves motor neuron survival68.  398 

 399 

Together, these results indicate that astrocytes can, similar to microglia, adopt neurotoxic 400 

properties in SOD1 models, which, in concert with mutant SOD1-induced primary neuronal 401 

damage, play an active role in disease pathogenesis. Recently, the crosstalk between astrocytes 402 

and other non-neuronal cells has been studied in more detail. Microglia were found to induce 403 

the conversion of a quiescent astrocyte to a pro-inflammatory A1 phenotype by the release of 404 

IL-1α, TNFα, and C1q42 (FIG. 1). Triple knock-out of these factors led to a drastic reduction in 405 

the number of reactive astrocytes in SOD1G93A mice, improving life span, and delaying motor 406 

neuron loss and disease progression126. Conversely, upregulated TGF-β in astrocytes was 407 

reported to interfere with the neuroprotective function of microglia and T-cells in SOD1G93A 408 

mice, thereby accelerating disease progression125. Interestingly, the transplantation of 409 

SOD1G93A astrocytes also leads to the activation of microglia, the blockage of which partly 410 

rescued motor neuron loss114, and microglial activation was delayed by deletion of SOD1G37R 411 

or SOD1G85R from astrocytes110,112. Hence, there is emerging evidence for a pro-inflammatory 412 

astrocytic phenotype in SOD1-ALS, influenced by reciprocal interaction between astrocytes 413 

and other non-neuronal cells, but a detailed and temporal analysis over the disease course 414 

remains to be described, particularly with regards to the crosstalk with microglia. Bearing in 415 

mind the expression of anti-inflammatory or neuroprotective markers in microglia reported at 416 
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early disease stages in SOD1 models, future studies should also evaluate potential 417 

neuroprotective properties of astrocytes in more detail. 418 

 419 

TDP-43 models 420 

Motor neuron-selective reduction of TDP-43Q331K in transgenic mice delays disease onset but 421 

does not alter disease progression or prevent astrogliosis130, indicating a contribution to 422 

pathogenesis for astrocytes also in TDP-43 models. Astrocyte-restricted expression of TDP-423 

43M337V in rats leads to astrogliosis causing progressive non-cell-autonomous motor neuron loss 424 

and paralysis, accompanied by astrocytic depletion of glutamate transporters, induction of the 425 

neurotoxic factor Lipocalin-2, and microglial activation131 (FIG. 1). Dysregulated astrocytic 426 

metabolism, possibly leading to impaired provision of lactate to neurons, has also been 427 

observed in primary rat astrocytes upon expression of inclusion-forming C-terminal fragments 428 

of TDP-43132. In addition, primary astrocytes from TDP-43Q331K-expressing mice show 429 

decreased levels of the anti-oxidant molecule glutathione and, similarly, astrocyte-conditioned 430 

medium from TDP43A315T-expressing mice causes primary rat motor neuron death in a 431 

nitroxidative stress-dependent manner133,134 (FIG. 1). A detailed assessment of TDP-43M337V-432 

expressing primary rat astrocytes and the spinal cord of transgenic rats revealed the 433 

downregulation of neurotrophic and upregulation of neurotoxic genes, such as Lipocalin-2 and 434 

Chi3L1135. Lipocalin-2 has also been identified as a neurotoxic factor released from astrocytes 435 

in organotypic cultures of brain slices from rats with selective TDP-43M337V-expression in 436 

forebrain neurons and in the spinal cord of transgenic rats with motor neuron-specific TDP-437 

43M337V-expression, and its levels increased with progressive neurodegeneration136.  438 

 439 

While these findings were observed with overexpression of TDP-43, similar results have been 440 

associated with reduced TDP-43 levels. Conditional motor neuron-specific TDP-43 knock-out 441 

mice develop age-dependent progressive motor impairment and motor neuron degeneration, 442 
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and show progressive astrogliosis in the spinal cord137,138. In transgenic mice with RNAi-443 

mediated TDP-43 knockdown, where TDP-43 levels appeared to be preferentially reduced in 444 

astrocytes rather than motor neurons in the spinal cord, degeneration of motor neurons, motor 445 

weakness and paralysis were observed139. Similarly, knock-down of TDP-43 in primary rat 446 

astrocytes led to the activation of pro-inflammatory mediators, including Lipocalin-2140. 447 

Collectively, these findings point to a crucial effect of TDP-43 dysfunction in astrocytes, with 448 

both TDP-43 mutations and depletion leading to neurotoxic properties. However, TDP-43 449 

knockdown is unlikely to accurately model every aspect of TDP-43 dysfunction in ALS. TDP-450 

43 deletion is embryonically lethal141, while postnatal TDP-43 deletion also results in rapid 451 

death142, indicating that TDP-43 levels are tightly regulated and play an essential role in cells. 452 

Phenotypes resulting from TDP-43 knockdown might therefore be merely the consequence of 453 

altering the levels of a crucial constitutively expressed protein.  454 

 455 

In contrast, co-culture of iPSC-derived astrocytes expressing TDP-43M337V with wild-type and 456 

TDP-43M337V-expressing neurons did not affect neuronal survival143. Similarly, primary 457 

astrocytes overexpressing TDP-43A315T or lacking TDP-43 were not toxic to wild-type motor 458 

neurons in co-culture or after transplantation of their precursors into the spinal cord of wild-459 

type mice144. In co-culture and conditioned media paradigms, iPSC-derived control astrocytes 460 

had a protective effect against seeded aggregation of TDP-43 in iPSC-derived control motor 461 

neurons by reducing TDP-43 mislocalization and cell death145. However, whether control 462 

astrocytes that do not express mutant TDP-43 or TDP-43 aggregates represent an accurate 463 

disease model is questionable. 464 

 465 

Together, the majority of currently available evidence points to both gain- and loss-of-function 466 

toxicity of astrocytes towards neurons with alterations in TDP-43, in line with the results from 467 

SOD1 models. Divergent findings might be due to different expression levels of TDP-43124, 468 
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lack of modelling crosstalk with microglia and other non-neuronal cells, or differences between 469 

rodent and human microglia. Further studies using mutant TDP-43 iPSC-derived astrocytes are 470 

warranted to provide clarification. 471 

 472 

C9orf72 models 473 

Expression of G4C2 repeats and poly(GA) in the mouse CNS leads to astrogliosis, which is 474 

suggested to precede neurodegeneration146-148. Astrocytes directly differentiated from C9orf72 475 

fibroblasts (so-called induced, or i-astrocytes) cause significant cell death of co-cultured mouse 476 

embryonic stem-cell derived motor neurons, likely through a toxic gain-of-function 477 

mechanism149,150. Depletion of SRSF1, a nuclear export adaptor for the transport of C9orf72 478 

transcripts leading to reduced cytoplasmic RNA foci in these fibroblast-derived astrocytes, 479 

rescued motor neuron death, directly linking the C9orf72 expansion with the adoption of 480 

neurotoxic properties in astrocytes150. Mechanistically, iPSC-derived C9orf72 astrocytes 481 

showed increased oxidative stress and reduced release of antioxidants, and their conditioned 482 

media reduced the viability of mouse cortical neurons and human embryonic stem cell-derived 483 

motor neurons, possibly via increased neuronal oxidative stress151 (FIG. 1).  484 

 485 

In contrast to direct toxicity, dysfunctional adenosine, fructose and glycogen metabolism has 486 

been reported in C9orf72 i-astrocytes, associated with increased death of mouse motor neurons 487 

in co-culture152,153. Rescuing deficits in adenosine metabolism ameliorated this neurotoxicity in 488 

co-culture152. Similarly, altered glutamate content was found in iPSC-derived astrocytes 489 

carrying a C9orf72 expansion, probably through a loss-of-function effect on astrocytes154. 490 

Extracellular vesicles (EVs) also appear to play a role in the neurotoxic phenotype of C9orf72 491 

i-astrocytes, with miR-494-3p, a negative regulator of Semaphorin 3A and other targets, being 492 

downregulated, with rescuing its levels improving motor neuron survival and neurite 493 

outgrowth155. Broader roles for EVs in reflecting the pathology and potentially influencing 494 
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propagation of neurodegenerative disorders are recognised156. iPSC-derived C9orf72 astrocytes 495 

have also been associated with electrophysiological dysfunction when co-cultured with wild-496 

type iPSC-derived motor neurons157, but the detailed mechanism mediating toxicity was not 497 

explored in this study157. 498 

 499 

Taken together, there is quite clear evidence that astrocytes adopt neurotoxic properties in 500 

C9orf72 models. Future studies are needed to shed more light on the detailed mechanisms 501 

through which gain- and loss-of-function mechanisms act in combination and should focus on 502 

further identification of secreted cytotoxic factors and contact-dependent mechanisms of 503 

astrocyte-dependent cytotoxicity.  504 

 505 

Summary 506 

Taken together, clear astrocytic activation is found in SOD1, TDP43, and C9orf72 models of 507 

ALS, and most studies across the three different model systems support a neurotoxic astrocyte 508 

phenotype. This neurotoxicity appears to be mediated by the release of neurotoxic factors and 509 

a failure of astrocytes in their supportive functions to neurons. In contrast to microglia, there is 510 

currently no evidence for a neuroprotective role of astrocytes at early stages of the disease 511 

course. There is clear crosstalk with other non-neuronal cells, and preliminary evidence 512 

suggests that astrocytes might be skewed to neurotoxicity by pro-inflammatory microglia, but 513 

further studies that model multicellular interaction are needed to disentangle the direct effect of 514 

ALS mutations on astrocytes and the pro-inflammatory contribution of other cells to astrocyte 515 

toxicity.  516 

 517 
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Oligodendrocytes and NG2-glia in ALS 518 

SOD1 models 519 

Degeneration and loss of oligodendrocytes, but constant overall oligodendrocyte numbers due 520 

to increased oligodendrocyte precursor NG2 glia proliferation, with incomplete and failed 521 

differentiation resulting in progressive demyelination, have been found in the spinal cord of 522 

SODG93A transgenic mice before disease onset158,159. Selective Cre-mediated removal of 523 

SOD1G37R from NG2-glia delayed disease onset and prolonged survival, indicating a 524 

detrimental role of oligodendroglia in SOD1 models158. Interestingly, this also led to delayed 525 

astrocytic and microglial activation. Motor neuron degeneration in mice expressing SOD1G37R 526 

in motor neurons and oligodendrocytes can be mitigated by the proximity of other cells not 527 

expressing mutant SOD1 in chimeric mice, arguing that cells other than oligodendrocytes 528 

contribute to neurodegeneration160. However, primary mouse oligodendrocytes expressing 529 

SOD1G93A directly caused wild-type mouse motor neuron hyperexcitability and death, and 530 

similar motor neuron toxicity was observed in co-culture with iPSC- and induced neural 531 

progenitor cell-derived oligodendrocytes from sporadic, SOD1D90A and other familial (TDP-532 

43G298S and C9orf72) ALS patients161. 533 

 534 

Reduced levels of the monocarboxylate transporter 1, MCT1, have been found in the spinal 535 

cord of SOD1G93A transgenic mice and zebrafish, and post mortem tissue of ALS 536 

patients159,162,163. Deletion of SOD1G93A from NG2-glia restored MCT1 levels, indicating that 537 

it may cause neurotoxicity by impairing oligodendroglial support mechanisms158 (FIG. 1). 538 

Furthermore, impaired lactate production and release, and reduced MCT1 levels, were found in 539 

fibroblast-derived oligodendrocytes from the SODG93A mouse and patient carrying the recessive 540 

human SOD1 D90A ALS mutation161. While restoring lactate levels fully rescued toxicity when 541 

SOD1G93A oligodendrocyte conditioned medium was added to motor neurons, it only partly 542 

rescued decreased motor neuron survival in co-culture, arguing for additional close contact-543 
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dependent mechanisms161. Although SOD1G93A knock-down in NG2-glia efficiently rescued 544 

motor neuron death and elevated lactate levels, it did not modulate the toxicity exerted by 545 

differentiated oligodendrocytes, reinforcing a role for early dysfunction in the oligodendroglial 546 

lineage in SOD1-ALS161. Translating ribosome affinity purification and high-throughput RNA 547 

sequencing of SOD1G37R transgenic mice identified early dysregulation in motor neurons 548 

followed by changes in astrocytes and oligodendrocytes164. In oligodendrocytes, changes 549 

became obvious at an early symptomatic disease stage, with no changes found in the gene 550 

expression of MCT1 but membrane and lipid signaling defects with an upregulation of ETS 551 

transcription factors instead164.  552 

 553 

Collectively, there is clear evidence from SOD1 models implicating early oligodendrocyte 554 

dysfunction in disease pathogenesis, primarily via reduced metabolic support to neurons. 555 

Additional mechanisms of toxicity are likely to play an additional role and should be 556 

investigated in future studies. In particular, the interplay between oligodendrocytes and other 557 

glial cells also remains to be characterized in more detail. 558 

 559 

TDP-43 models 560 

Research into the role of oligodendrocytes in TDP-43 models is limited. TDP43G298S fibroblast-561 

derived oligodendrocytes caused motor neuron death in co-culture, via reduced lactate release, 562 

similar to mutant SOD1-derived oligodendrocytes161. Future studies will be required to further 563 

elucidate the role of TDP-43 aggregates and mutations on oligodendrocytic function. 564 

 565 

C9orf72 models 566 

Oligodendrocytes have also been successfully derived from patients carrying the C9orf72 567 

expansion161,165, but knowledge of their functional role is limited. In iPSC-derived 568 
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oligodendrocytes, RNA foci but no DPR formation were observed, with no defects in 569 

maturation apparent165. Induced neural precursor-derived oligodendrocytes from C9orf72 570 

expansion-associated ALS patients caused motor neuron toxicity in co-culture161. However, in 571 

contrast to mutations in SOD1 and TARDBP, this was not mediated via reduced lactate release, 572 

although soluble factors likely played a role161. Further studies are needed to characterize the 573 

effect of the C9orf72 expansion on oligodendrocytes and their non-cell-autonomous influence 574 

on motor neurons in more detail. 575 

 576 

Summary 577 

Most evidence for the role of oligodendrocytes in experimental models of ALS comes from 578 

SOD1 models, and there is a clear need for more studies on their role in TDP-43 and C9orf72 579 

models. However, currently available evidence supports a neurotoxic effect of 580 

oligodendrocytes, which occurs early and is connected to a failure in their maturation from NG2 581 

glial precursors. Reduced metabolic support of neurons through lower lactate release seems to 582 

be a key mechanism of oligodendroglial toxicity, but the elucidation of additional means of 583 

toxicity in crosstalk with other non-neuronal cells in future studies is warranted.   584 

 585 

Non-glial non-neuronal cells in ALS 586 

Monocytes and macrophages in SOD1, TDP-43, and C9orf72 models 587 

In SOD1G93A mice, increased expression of chemotactic genes, such as monocyte 588 

chemoattractant protein-1 (MCP-1/CCL2), was found in microglia, neurons and other cells, 589 

which is thought to lead to the recruitment of peripheral monocytes to the spinal cord166 (FIG. 590 

2). These monocytes show a pro-inflammatory profile prior to disease onset, and targeting them 591 

using i.p. Ly6C antibody treatment skewed them to an anti-inflammatory phenotype, delayed 592 

disease onset, extended survival, and attenuated neuronal loss166. It is noteworthy that the 593 
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antibody was peripherally injected in this model, so it is difficult to disentangle whether these 594 

beneficial effects were mainly due to the reduced monocyte infiltration observed by the authors 595 

or a general immunosuppressive effect at the periphery, as monocytes extracted from the blood 596 

of ALS patients and monocyte-derived macrophages have a pro-inflammatory profile166-168. 597 

Conversely, a neuroprotective role of monocyte-derived cells was indicated by a correlation 598 

between the number of surviving motor neurons and the presence of peripheral myeloid cells 599 

in the spinal cord at early disease stages of SOD1G93A transgenic mice169. Furthermore, 600 

promoting invasion of monocytes using human immunoglobulins or fusion proteins was 601 

associated with increased motor neuron survival and delayed disease onset in this study169. 602 

These apparently contradictory findings might be resolved by a model similar to the early 603 

neuroprotective, but late neurotoxic properties reported for microglia in SOD1 models. 604 

However, co-culture studies of neurons and macrophages are warranted to provide more insight. 605 

 606 

Numerous infiltrating monocytes were also observed within and around the blood vessels in the 607 

brain of a TDP-43A315T mouse model and in ALS patients with TDP-43 pathology86, but an 608 

assessment of monocyte/macrophage function in TDP-43 models remains incomplete. In 609 

models based on C9orf72, loss-of-function results in a pro-inflammatory state in peripheral 610 

monocytes and macrophages, with dysfunctional lysosomal trafficking and autophagy 611 

impairment93,170. Recently, this was demonstrated to result in the STING-mediated 612 

hyperactivation of interferon signaling170, thereby indicating potential neurotoxic properties. 613 

Results of experiments investigating C9orf72 gain-of-function toxicity are yet to be published. 614 

 615 

Important physiological roles of CNS-associated macrophages are beginning to emerge, 616 

including evidence for a pathophysiological role in AD171. To shed further light on the 617 

pathophysiological role of peripheral monocytes/macrophages in ALS and their effects on 618 

neurons, iPSC-derived macrophages might prove a useful tool.  619 
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 620 

T-cells in SOD1, TDP-43, and C9orf72 models 621 

In SOD1G93A mice, both CD4+ and CD8+ T-cells infiltrate the spinal cord during disease 622 

progression62,172,173. Lack of functional T-cells or CD4+ T-cells increased pro-inflammatory 623 

mediator release from microglia and astrocytes, decreased the levels of anti-inflammatory and 624 

trophic factors, and accelerated disease progression172,173. Reconstitution with bone marrow 625 

transplants rescued these deficits, and shifted microglia and astrocytes to a neuroprotective 626 

phenotype173, indicating a neuroprotective role of T-cells in SOD1-ALS. Closer evaluation of 627 

the CD4+ T-cell population revealed that SOD1G93A-expressing regulatory T-cells (T-reg) are 628 

increased at early slowly progressing disease stages, which induce a neuroprotective M2 629 

microglia phenotype via IL-4 release and suppress pro-inflammatory Th1-cells, while at later, 630 

fast-progressing stages, their levels decrease or they become dysfunctional, and Th1-cells and 631 

M1 microglia predominate174-176 (FIG. 2). In agreement, expansion of T-reg cells in SOD1G93A-632 

expressing mice reduced microglial and astrocytic activation, preserved motor neuron size and 633 

prolonged survival. Decreased T-reg numbers or greater dysfunction in the blood of human 634 

patients were both associated with faster rates of disease progression174,176-178. It is not yet clear 635 

how this switch in T-cell properties between early and later stages is mediated. 636 

 637 

CD8+ T-cells, on the other hand, have been relatively understudied, although CD8+ T-cells are 638 

one of the major infiltrating populations in the spinal cord of SOD1G93A mice179. β2 639 

microglobulin-deficient SOD1G93A mice, which lack MHC1 and are defective for mature CD8+ 640 

T-cells, showed delayed forelimb paralysis and prolonged survival180. Similarly, SOD1G93A 641 

mice with CD8a knockout, which do not generate functional CD8+ T cells, showed no effects 642 

on disease onset or motor performance but increased spinal motor neuron survival181. However, 643 

i.p. injection of an anti-CD8 antibody partially eliminated CD8+ T-cell infiltration but had no 644 

effect on survival in one study179, or had a less pronounced effect on CD8+ T cell infiltration 645 
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and motor neuron survival in a different study181. The authors of the latter study hypothesized 646 

that the lower protective effect of the antibody treatment might be due to the preferential action 647 

of the antibody on naïve rather than infiltrating CD8+ T cells. Importantly, in co-culture, 648 

SOD1G93A-expressing CD8+ T-cells caused wild-type and SOD1G93A-expressing motor neuron 649 

death, through interferon-γ release alongside Fas and granzyme death pathway-mediated 650 

mechanisms181 (FIG. 2).  651 

 652 

Evidence from SOD1 models outlines a neuroprotective role of CD4+ T-cells in crosstalk with 653 

microglia and astrocytes, the failure of which, together with CD8+ T-cell activation, leads to 654 

neurotoxicity. Evidence about the role of T-cells in other experimental models of ALS is scarce. 655 

In C9orf72-deficient mice, T-cell activation has been demonstrated170,182, but their functional 656 

role remains to be determined, particularly in the context of gain-of-toxicity hypotheses. In a 657 

recent study, iPSC-derived M2 macrophages from C9orf72 expansion and sporadic ALS 658 

patients induced and sustained anti-inflammatory Treg function, while pro-inflammatory M1 659 

macrophages and cytotoxic T-cells were suppressed183. Hence, it would be of interest to explore 660 

the effects of these cells on microglial and astrocytic function, in particular in crosstalk with 661 

motor neurons, and to see if neuroprotective effects might also be observed in vivo. Further 662 

studies employing multi-cellular models using patient-derived T-cells are warranted to shed 663 

more light on their functional role in ALS pathogenesis. 664 

 665 

NK cells in SOD1, TDP-43, and C9orf72 models 666 

Aberrant numbers of NK cells have been found in the peripheral blood and CNS of ALS 667 

patients, and SOD1G93A-expressing mice display a high number of NK cells in the spinal 668 

cord62,172,184,185. Recruitment of NK cells to the CNS was demonstrated to be dependent on 669 

CCL262 (FIG. 2). Downregulation of NK cell activity led to the recruitment of T-cells into the 670 

spinal cord before the onset of clinical symptoms, attenuated motor neuron loss, reduced 671 
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astrogliosis, delayed disease onset and improved lifespan184. While anti-NK1.1 antibody-672 

mediated reduction of NK cell infiltration into the spinal cord delayed motor neuron impairment 673 

and increased survival in TDP43A315T-expressing mice and additionally attenuated early motor 674 

neuron loss in SOD1G93A transgenic mice62, it had no effect on survival when administered at 675 

later disease stages62,179, indicating an early role of NK cells in the pathophysiology of SOD1 676 

ALS models. Both wild-type and SOD1G93A-expressing NK cells were neurotoxic in co-culture, 677 

but only to SOD1G93A-expressing motor neurons. This effect was dependent on the release of 678 

toxic factors including perforin and contact-dependent mechanisms, such as the expression of 679 

NKG2D ligands on motor neurons62 (FIG. 2). Furthermore, NK cell depletion induced an anti-680 

inflammatory microglial phenotype, and increased the number of T-reg cells in the spinal cord 681 

via reduced interferon-γ release62 (FIG. 2). Together, there is initial evidence for a neurotoxic 682 

role of NK cells in SOD1-ALS, in crosstalk with T-cells and microglia. Additional studies, also 683 

including mutant TDP-43 and C9orf72 expansion-based models of ALS, will be required to 684 

provide more insight into their functional role in ALS pathogenesis. 685 

 686 

Biomarkers from non-neuronal cells  687 

Non-neuronal cell-derived molecules can be detected and measured in the CSF or peripheral 688 

blood of human ALS patients. Their levels, particularly if measured longitudinally, provide a 689 

window into the pathogenic role of non-neuronal cells in humans, and their prognostic and 690 

pharmacodynamic biomarker potential is increasingly being evaluated. While there is a growing 691 

list of potential candidates, the focus here is on the most promising biochemical markers 692 

associated with non-neuronal cells, based on the consistency of their upregulation in the CSF 693 

of ALS patients across multiple different studies and laboratories (for comprehensive recent 694 

ALS biomarker reviews including other biomarker candidates, see186,187).  695 

 696 
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Multiple studies have demonstrated increased abundance of chitotriosidase-1 (CHIT1), 697 

chitinase-3-like protein 1 (CHI3L1), and chitinase-3-like protein 2 (CHI3L2) in the CSF of ALS 698 

patients10,188-196. Their CSF levels correlate with disease progression rate and phosphorylated 699 

neurofilament heavy chain as a proxy for axonal damage10. While CHIT1 is an enzymatically 700 

active hydrolase, CHI3L1 and CHI3l2 possess no catalytic motif197. Their release could be due 701 

to the potential presence of chitin-like polymers in ALS brains, as observed in amyloid plaques 702 

in AD198, or because of a newly acquired but thus far unknown role in the human immune 703 

system.  704 

 705 

CHIT1 is expressed in macrophages and microglia188,189. CSF CHIT1 levels are higher in ALS 706 

patients compared to other neurodegenerative disorders, and are associated with shortened 707 

survival and higher disease progression rate10,189,191,194,199. In a longitudinal assessment of 708 

phenoconverters, CSF CHIT1 levels and activity were relatively low in the pre-symptomatic 709 

period but showed a sharp increase between the late pre-symptomatic and early symptomatic 710 

phase192,193. A recent study found that intrathecal injection of CHIT1 into rats was associated 711 

with increased microglial numbers and activation, astrogliosis, release of pro-inflammatory 712 

cytokines and motor neuron loss190. These studies provide emerging evidence for an important 713 

microglial/macrophage role in the disease course of human ALS patients, and, in line with 714 

experimental models, probably rather as a secondary toxic response to damage than a primary 715 

disease driver. They also underscore the usefulness of CHIT1 as a biomarker best suited to 716 

disease monitoring and the potential evaluation of a response to treatment. Insights into its 717 

cellular role, however, remain to be identified. Future studies will be required to uncover the 718 

trigger for CHIT1 release, its cellular and molecular targets, and its cellular expression at 719 

different stages of the disease.  720 

 721 
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CHI3L1 appears to be predominantly expressed in astrocytes in ALS patients192,199,200. CSF 722 

CHI3L1 levels increase over time, correlate with upper motor neuron symptoms and cognitive 723 

impairment, and showed an inverse correlation with patient survival10,191,194,195,200. In 724 

asymptomatic mutation carriers, CHI3L1 levels were unchanged compared to healthy control 725 

individuals, and in contrast to CHIT1, the longitudinal assessment showed no striking 726 

difference between the late pre-symptomatic and early symptomatic phase192,193. 727 

Overexpression of TDP-43M337V in primary astrocytes led to the upregulation of CHI3L1, and 728 

administration of synthetic CHI3L1 induced primary neuronal death135. While this evidence for 729 

CHI3L1 release corroborates the activation and putative neurotoxic role of astrocytes observed 730 

in experimental models of ALS, it argues against a pronounced pathogenic function during the 731 

early disease course. Future studies will need to elucidate the trigger for CHI3L1 release and 732 

its molecular targets in more detail. However, another astrocyte-depended biomarker for ALS 733 

that is associated with early pathology has recently been described in patients; the levels of IL-734 

6 in astrocyte-derived exosomes from the blood of people with sporadic type ALS are increased 735 

and positively associated with the rate of disease progression, but only in those with a disease 736 

duration of less than 12 months201. 737 

 738 

CHI3L2 has not been extensively studied, but its expression has been observed in 739 

macrophages10,197 and CSF levels correlate with disease progression rate10,191. Similar to 740 

CHI3L1, CHI3L2 levels were not raised in asymptomatic mutation carriers and the longitudinal 741 

assessment showed no striking difference between the late presymptomatic and early 742 

symptomatic phase192. Due to the lack of mechanistic studies, the biological meaning of 743 

CHI3L2 in crosstalk with neurons is currently uncertain.  744 

 745 

In addition, monocyte chemoattractant protein-1 (MCP-1/CCL2) has been studied as a marker 746 

of non-neuronal cell involvement in ALS. In experimental models, MCP-1/CCL2 expression 747 



33 

 

in cells involved in ALS pathogenesis, including motor neurons, astrocytes, and microglia, is 748 

thought to result in the recruitment of CCR2-expressing cells, such as microglia, peripheral 749 

macrophages, T-cells, and NK cells34,62,86,202 (FIG. 2). Elevated levels of MCP-1 have been 750 

reported in the CSF of ALS patients, and were inversely correlated with survival, but a 751 

correlation with the disease progression rate was not consistently found194,203-208. Its 752 

upregulation in human patients likely reflects the glial activation and recruitment of peripheral 753 

immune cells into the CNS observed in experimental models. Its biological meaning, however, 754 

is not clear, as both neurotoxic and neuroprotective properties of MCP-1-dependent cell 755 

infiltration have been demonstrated.  756 

 757 

Conclusions and future directions 758 

An important role of non-neuronal cells in ALS pathogenesis is now clear, and evidence from 759 

experimental models largely replicates the activation of glial cells and infiltration of peripheral 760 

immune cells found in neuroimaging, post mortem tissue, and biomarker studies in humans. 761 

Even though there is some inconsistency across the experimental models employed and SOD1 762 

model-based evidence may have limited relevance to the majority of ALS that is associated 763 

with TDP-43 aggregates, a common theme is emerging across the different non-neuronal cell 764 

types and models that cell-autonomous neuronal dysfunction is exacerbated by non-cell-765 

autonomous toxicity. Initial analyses of cell-cell-interactions in iPSC-derived human cells have 766 

already confirmed some of the key findings from rodent models. Primary neuronal damage is 767 

likely to initiate the onset of disease, while, over the disease course, the combination of a 768 

dysregulated and pro-inflammatory non-neuronal cell response to neuronal damage together 769 

with the primary failure of the supportive roles of non-neuronal cells influences progression. 770 

Particularly at early disease stages, however, microglia and regulatory T-cells exert some 771 

neuroprotection in experimental models. Differences in the specific mechanisms of non-772 
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neuronal toxicity in experimental models for SOD1, TDP-43, and C9orf72 ALS argue in favour 773 

of therapeutic approaches targeted according to genotype, and may partially explain why 774 

multiple clinical trials non-specifically targeting the immune system have not proved successful 775 

thus far. However, several new therapeutics targeting non-neuronal cells are currently 776 

undergoing clinical trials (for a recent review on clinical trials, see209). For instance, masitinib, 777 

a tyrosine kinase inhibitor that targets microglial, macrophage, and mast cell activation, slowed 778 

disease progression in ALS patients in a phase 2/3 trial when used as an add-on to riluzole210. 779 

Future studies should include the differentiation of further non-neuronal cell types and also 780 

focus on the creation and usage of human-derived multi-cellular models to more accurately 781 

model the disease and crosstalk between cells found in vivo. More accurate disease models will 782 

facilitate drug screening in a more physiological environment. Improved understanding of the 783 

nuanced pathophysiological role of non-neuronal cells will guide the re-purposing of licensed 784 

drugs as well as novel development. Biomarkers derived from non-neuronal cells show promise 785 

for the future assessment of emerging therapeutic candidates. 786 

  787 
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Key points  1310 

- An exclusively motor neuron-centred model of pathogenesis in ALS is untenable, and 1311 

this has important implications for therapeutic development strategies 1312 

- Resident microglia, astrocytes, oligodendrocytes, but also peripheral immune cells, all 1313 

exert highly relevant functions in CNS homeostasis and physiology 1314 

- In multiple experimental models, non-neuronal cells may exert neurotoxic effects via 1315 

both gain- and loss-of-function mechanisms, but also show apparently neuroprotective 1316 

activity 1317 

- Many of the hypotheses around non-neuronal cells in ALS pathogenesis were developed 1318 

using rodent models, some with limited relevance to the TDP-43 neuropathological 1319 

hallmark of human ALS 1320 

- Human induced pluripotent stem cells permit the investigation of non-neuronal cells 1321 

carrying ALS-associated genetic mutations, but multi-cellular co-cultures may be 1322 

needed to disentangle their nuanced interactions with motor neurons 1323 

- Human biofluid biomarkers derived from non-neuronal cells offer an important window 1324 

into understanding the in vivo pathological milieu, with potential as earlier markers of 1325 

therapeutic response 1326 

  1327 
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Display items 1328 

Tables 1329 

Table 1: Techniques to study non-neuronal cell involvement in ALS 1330 

Technique Main features Advantages  Limitations 

Neuropathology Morphology, 

immunostaining, 

molecular phenotyping 

including spatial 

transcriptomics and 

proteomics 

High resolution 

characterization of 

human disease-specific 

tissue, retaining cell 

relationships 

Static, descriptive and 

enriched for phenomena 

associated with end stage 

processes 

Human CNS imaging MRI (magnetic 

resonance imaging),  

PET (positron emission 

tomography) 

MRI: in vivo analysis of 

structure and some 

aspects of function. 

Allows longitudinal 

changes including at pre-

symptomatic stages.  

PET: (relatively) cell-

specific tracers can 

assess activation of 

specific non-neuronal 

cells 

 

Low resolution does not 

allow analysis of 

individual cells 

Rodent models Mouse and rat transgenic 

models expressing 

human cDNA or 

genomic constructs with 

specific genetic 

mutations; primary cell 

lines 

Mammalian system with 

retention of complex 

multicellular 

environment; genetically 

manipulatable to allow 

cell-specific expression; 

allow spatial and 

temporal analysis of 

pathophysiology 

Species differences 

(immune, microbiome, 

divergence in protein 

functions) between 

human and rodent may 

be a barrier to 

translation; phenotypes 

may depend on no-

physiological 

overexpression; 

modelling age-related 

neurodegeneration is 

challenging 

Human primary cell lines Fibroblasts or induced 

pluripotent stem cell 

derived glia 

Allow analysis of human 

cells on genetic 

background including 

disease-causing 

mutations. Avoid non-

physiological 

overexpression and inter-

species differences in the 

transcriptome. Useful to 

study cell-autonomous 

and non-cell-autonomous 

effects 

 

Cells may be arrested in 

early developmental 

stages; expensive and 

labour intensive; 

considerable inter-

individual variance 

requires isogenic 

controls 

Human induced 

Pluripotent Stem Cell 

models 

Complex multicellular 

cultures derived from 

iPSCs  

Multiple cell-cell 

interactions; 

experimental control of 

microenvironment  

Relationship to normal 

tissue architecture 

imperfect. May favour 

developmental studies 
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Figure legends 1332 

Figure 1: Overview of the pathophysiological role of microglia, astrocytes, and 1333 

oligodendrocytes in ALS. Neuronal damage associated with protein dysfunction and 1334 

aggregation (SOD1, TDP-43, DPRs) as well as aggregate release are associated with the 1335 

activation of glial cells (yellow arrows). The expression of ALS-associated genetic mutations 1336 

(SOD1, TDP-43, C9orf72) has been linked with intrinsic neurotoxic properties in non-neuronal 1337 

cells, both through gain-of-function toxicity (red arrows) and loss of supportive functions 1338 

(green dashed arrows), exacerbated by crosstalk between different cell-types. The mechanisms 1339 

depicted give a combined overview on data obtained in the different models discussed in this 1340 

review, but not all of them have been identified in all models. Figure created with 1341 

BioRender.com 1342 

 1343 

Figure 2: Overview of the pathophysiological role of peripheral non-neuronal cells in ALS. 1344 

Neuronal damage associated with protein dysfunction and aggregation (SOD1, TDP-43, DPRs) 1345 

is associated with the recruitment of peripheral non-neuronal cells, where chemotactic factors 1346 

such as MCP-1/CCL2 are likely to play a role (yellow arrows). The expression of ALS-1347 

associated genetic mutations (SOD1, TDP-43, C9orf72) has been linked with intrinsic 1348 

neurotoxic properties in non-neuronal cells both through gain-of-function toxicity (red arrows) 1349 

and loss of supportive functions (green dashed arrows), exacerbated by crosstalk between 1350 

different cell-types. The mechanisms depicted give a combined overview on data obtained in 1351 

the different models discussed in this review, but not all of them have been identified in all 1352 

models. Figure created with BioRender.com 1353 
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