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Abstract 

Aims: Amyotrophic lateral sclerosis (ALS) is a multifactorial neurodegenerative disease 

characterised by the loss of upper and lower motor neurons. Neuroinflammation mediated by 

microglial activation is evident in post-mortem brain tissues, and in brain imaging of patients 

with ALS. However, the exact role of microglia in ALS remains to be elucidated partly due to 

the lack of an accurate microglial model system that is able to recapitulate the clinical 

pathology of ALS. Moreover, direct sampling of microglia from patients with ALS is not 

feasible, further limiting the study of microglial function in ALS. To address this shortcoming, 

we describe an approach that generates monocyte-derived microglia (MDMi) that are capable 

of expressing molecular markers, and functional characteristics similar to resident human brain 

microglia. Importantly, MDMi can be routinely and reproducibly generated from ALS patient 

blood, and reveal patient heterogeneity associated with age, sex and disease subgroup. 

Methods: MDMi were successfully established from all 30 ALS patients, including 15 patients 

with slow disease progression, 6 with intermediate progression, and 9 with rapid progression, 

together with 20 non-affected heathy controls (HC).  

Results: Our ALS MDMi model recapitulated canonical pathological features of ALS 

including non-phosphorylated and phosphorylated-TDP-43-positive pathological inclusions. 

We further observed significantly impaired phagocytosis, altered cytokine expression and 

microglial morphology, as well as elevated DNA damage in ALS compared to HC MDMi. 

Abnormal phagocytosis was observed in all ALS cases, and was correlated to the progression 

of disease. Moreover, in-depth analysis of individual microglia revealed cell-specific variation 

in phagocytic function that was significantly altered, and exacerbated in rapid disease 

progression.  

Conclusions: Our approach enabled us to generate ALS patient microglia from peripheral 

blood samples using a rapid, robust, cost-effective, and reproducible protocol. We have shown 

that ALS monocyte-derived microglia have significantly altered functional behaviour 

compared to age-matched HCs, with a major deficit in phagocytic activity. This is also the first 

demonstration of abnormal TDP-43 localisation in microglia grown from ALS patients. 

Overall, this approach is highly applicable to monitor disease progression and can be applied 

as a functional readout in clinical trials for anti-neuroinflammatory agents. Additionally, this 

model system can be used as a basis for personalised therapeutic treatment for ALS, as well as 

other neurodegenerative diseases.  
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Introduction 

Amyotrophic lateral sclerosis (ALS) is a debilitating disease characterised by the loss of motor 

neurons in the brain and spinal cord, resulting in progressive muscle weakness and eventual 

death. Neuroinflammation, a key contributor to the pathological changes in ALS is mediated 

by microglia, the resident innate immune cells of the central nervous system (CNS). Under 

normal conditions, these cells survey and maintain the brain microenvironment by pruning 

neuronal synapses, phagocytosing cellular debris, and responding to signalling molecules to 

maintain cellular homeostasis. However, during neuroinflammation, microglia respond to 

activating signals, exhibit an altered morphology,  and mediate inflammatory responses by 

secreting pro- and/or anti-inflammatory cytokines in order to restore brain homeostasis 

(Ginhoux et al., 2010). Moreover, ALS pathology encompasses a complex process involving 

both neuronal and non-neuronal changes in the brain and spinal cord of affected individuals. 

The non-neuronal contribution to the disease progression of ALS is supported by the infiltration 

of myeloid cells from circulation into the CNS, as well as microgliosis, a neuroinflammatory 

process resulting in the increased numbers of activated microglia. There is increasing evidence 

that these changes alter disease progression and severity (Beers and Appel 2019; Henkel et al. 

2004). However, it remains difficult to delineate exactly how microglia contribute to the 

progression of pathological changes observed in ALS.  

Until recently, research carried out to investigate the involvement of microglia in ALS relied 

predominantly on animal models, and post-mortem human CNS tissue. Sampling of microglia 

from human brain autopsy and biopsy tissue is not practical for high-throughput screening 

platforms, while culturing isolated human microglia ex vivo is challenging due to its restricted 

proliferative capacity, cell viability, and rapid changes to its unique CNS identity once removed 

from the brain microenvironment (O. Butovsky et al., 2012). New approaches using induced 

pluripotent stem cell (iPSC)-derived microglia are now available but have yet to provide major 

insights into ALS neuroinflammatory processes, likely due to the relative complexity, high 

variability and increased time-frames required to generate iPSC-derived microglia. Moreover, 

iPSC-derived microglia may not accurately recapitulate the heterogeneity of clinical features 
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observed in this disease due to the loss of epigenetic factors during reprogramming from skin 

cells to stem cells (Hawrot, Imhof, & Wainger, 2020; Philips & Rothstein, 2015). Hence, in an 

attempt to address these short-comings and provide further insights into the pathological role 

of microglia in ALS, we generated a patient-derived microglia model using peripheral blood-

derived monocytes. This monocyte-derived microglia (MDMi) model is a rapid, minimally-

invasive system that allows for multiple sampling at various stages of ALS progression. This 

in turn would deliver better representation of changes that may occur in microglia during the 

progression of disease thereby providing better clinical outcomes. 

We show that MDMi express key features of ALS pathology including microglia activation, 

as demonstrated by morphological changes, together with altered cytokine expression. 

Importantly, we were able to recapitulate the aberrant accumulation of cytoplasmic TAR DNA 

binding protein of 43 kDA (TDP-43), and phosphorylated TDP-43 inclusions in ALS MDMi, 

a key pathological hallmark present in the majority of ALS cases. In addition, ALS MDMi also 

showed significantly impaired phagocytosis, DNA damage and inflammasome activation. 

These findings demonstrate that the MDMi provide a novel platform for recapitulating several 

major pathological features observed in ALS and provide a novel platform to delineate the 

functional role of microglia in ALS and other neurological disorders.   

Materials and methods 

Patient recruitment  

This study involved the recruitment of an ALS patient cohort from the ALS clinical Research 

Centre in Palermo, Italy. Healthy control (HC) participants with no clinical symptoms were 

recruited from either the ALS Clinical Research Centre, or the Prospective Imaging Studying 

of Aging: Genes, Brain and Behaviour study (PISA) at QIMR Berghofer Medical Research 

Institute, Queensland, Australia. All research adhered to the ethical guidelines on human 

research outlined by the National Health and Medical Research Council of Australia 

(NHMRC). Ethical approval was obtained from QIMR Berghofer Medical Research Institute, 

and University of Palermo. All participants provided informed consent before participating in 

the study. 

 

The methodology for PISA recruitment has been described previously (Lupton et al., 2020). 

For ALS patients, the degree of functional impairment was assessed with the Revised 

Amyotrophic Lateral Sclerosis Functional Rating Scale (ALSFRS-R) (Cedarbaum et al., 1999).  

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.25.354399doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.25.354399
http://creativecommons.org/licenses/by-nc-nd/4.0/


The rate of disease progression was evaluated using the ALSFRS-R score: progression rate 

ratio (Delta FS, ΔFS) according to the following formula: (48- ALSFRS-R score at time of 

diagnosis)/ time onset to diagnosis). Patients were then stratified into three arbitrary groups 

according to ΔFS: slow (ΔFS < 0.5), intermediate (ΔFS= 0.5-1.0), rapid (ΔFS >1.0), which can 

predict life expectancy post diagnosis (Kimura et al., 2006; Kollewe et al., 2008). 

 

 A summary of disease characteristics, and demographics of the patients and control donors 

used in this study, are shown in Table 1. HCs were defined as donors without clinical symptoms 

as confirmed by retrospective medical review from each study cohort.  

Table 1. Summary of donor information 

Study Cohorts: 
Healthy 

Control (HC) 
ALS    

Disease progression   Slow Intermediate Rapid 

No. of participants N=20 N=15 N=6 N=9 

Sex of participants   

Females 
50% (11/20) 

33.3% 

(5/15) 
66.7% (4/6) 44.4% (4/9) 

%, (proportion) 

Males 
45% (9/20) 

66.7% 

(10/15) 
33.3% (2/6) 55.6% (5/9) 

%, (proportion) 

Age: Mean ( ± SD) 65.3 (8.9) 57.2 (10.2) 70.3 (9.7) 66.0 (8.84) 

Site of onset -       

Bulbar: %, (proportion)    13.3% (2)  16.7% (1) 22.2% (2)  

Spinal: %, (proportion)   86.7% (13) 83.3% (5) 77.8% (7) 

ALSFRS-Ra: mean, ± 

SD (range) 
  

41.6, ±3.4 

(34-46) 

41, ±2.3  

(38-44) 

36.8, ±5.04 

(30-46) 

ΔFSb: mean, ± SD 

(range) 
  

0.25, ±0.1 

(0.1-0.45) 

0.60, ± 0.1 

(0.57-0.67) 

1.72, 0.76 

(1-3.4) 

aALSFRS-R (at diagnosis, when PBMCs were taken; normal score=48) 

bDelta FS ratio (rate of disease progression); (48- ALSFRS-R score at time of diagnosis)/ 

time onset to diagnosis) 

SD, Standard deviation 
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Isolation of PBMCs from blood samples 

Donor blood was collected into tubes containing ethylenediaminetetraacetic acid (EDTA) 

(Becton-Dickson, NJ, USA) by a qualified phlebotomist. Briefly, donor blood was diluted 1:1 

with phosphate buffered saline (PBS) and transferred into sterile SepMate 50 (STEMCELL 

Technologies, BC, Canada) as per manufacturer’s instructions. Peripheral blood monocytes 

(PBMCs) were collected and resuspended in freezing media (90% v/v fetal bovine serum (FBS, 

Thermofisher, CA, USA) supplemented with 10% dimethyl sulfoxide (DMSO, Merck KGaA, 

Hesse, Germany) and cryopreserved in liquid nitrogen. 

Generation of Monocyte-Derived Microglia (MDMi) 

Briefly, cyropreserved PBMCs were thawed at 37°C and diluted into culture media and 

centrifugated at 300g for 5 min. Supernatant was aspirated completely and pellet was 

resuspended in culture media. Cells were plated onto MatrigelTM coated (Corning, NY, USA) 

48-well plates and incubated in cell culture incubator of 37°C, 5% CO2. For microglia 

differentiation, culture media supplemented with 0.1µg/ml of inter-leukin (IL)-34 (Lonza, 

Basel-Stadt, Switzerland) and 0.01µg/ml of granulocyte-macrophage colony-stimulating factor 

(GM-CSF) (Lonza, Basel-Stadt, Switzerland) was then added to these cells. All cells were 

cultured under standard culture conditions for up to 14 days. Differentiation of PBMCs into 

MDMi was confirmed by 1) the expression of classical ramified morphology, 2) 

immunofluorescence for microglial markers, and 3) mRNA expression of microglial specific 

genes in comparison to monocyte-derived macrophages (MDMa) and monocyte-derived 

dendritic cells (MDDCs). 

All samples used for downstream assays were grouped according to age, sex, and disease 

subgroup (slow, intermediate, and rapid) with details listed in the respective figure legends. 

Generation of monocyte-derived macrophages (MDMa) and dendritic cells (MDDCs). 

For MDMa induction, PBMCs were seeded in a 48-well plate with culture media. 10ng/ml 

GM-CSF was added into the culture medium and was further differentiated for 14 days. MDMa 

have a classic large cell surface area and amoeboid morphology that are distinct from MDMi. 

For MDDC induction, PBMCs were seeded in a 6-well plate with culture media. 50ng/ml of 

IL-4, and 100ng/ml of GM-CSF were added, and cultured until day 7, after which cells were 

either harvested for downstream assays or induced with 100ng/ml LPS and 1000IU/ml IFNγ 
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for 48 hr for MDDC maturation. Mature MDDCs showed characteristic stellate morphology 

(multiple pseudopodia), distinct from MDMa and MDMi. 

TDP-43 treatment 

Healthy MDMi were differentiated until day 14. Human recombinant TDP-43/TARDBP 

protein (R&D systems, MN, US) was reconstituted as per manufacturer’s instruction. Briefly, 

TDP-43 recombinant protein utilised at 1nM and 10nM was added into MDMi cultures for a 

period of 24 hr. 

Immunofluorescence 

Cells were plated onto 8-well chamber slides (Ibidi, DKSH, Germany), and 

immunofluorescence was performed as previously described (Quek et al., 2017). Briefly, cells 

were fixed with either ice-cold methanol or 4% paraformaldehyde in PBS. Permeabilisation of 

PFA fixed samples was performed with PBS containing 0.3% Triton-X 100. Samples were 

blocked with PBS containing 5% bovine serum albumin (BSA) (Sigma, USA). Primary 

antibodies used were as follows: Anti-P2RY12 (Alomone Labs, #APR-20, 1:200), Anti-IBA1 

(Abcam, #Ab5076, 1:500; Wako, #019-19741, 1:500), Anti-TDP-43 (Cosmo Bio, #TIP-TD-

P09, 1/500), Anti-p-TDP43 (Cosmo Bio, #TIP-TD-P09, 1:500), Anti- γH2AX (EMD 

Millipore, #05-636, 1:400), Anti-ASC (AdipoGen, #AG-25B-0006-C100, 1:200), Anti-

NLRP3 (AdipoGen, #AG-20B-0014-C100, 1:500) were incubated overnight. Cells were 

washed thrice with 0.1% Triton-X in PBS followed by incubation with secondary antibodies 

and DAPI (nuclear dye) (Sigma, USA) for 2 hr at room temperature. Antibody specificity was 

confirmed by performing secondary antibody only controls. Investigators were blinded to the 

conditions of the experiments during data collection and analyses. Fluorescence images were 

captured with a confocal laser scanning microscope (LSM-780, Carl Zeiss). All settings were 

kept consistent during acquisition.  

Live cell imaging of phagocytosis 

Characterisation of phagocytic function was examined using the live cell imaging on the 

IncuCyte ZOOM (Essen Biosciences). Briefly, sonicated fluorescent pHrodo-labelled E.coli 

particles (Life Technologies, CA, USA) were added to MDMi cell cultures. Multiple images 

were captured every hour at 10x magnification for a total of 15 hr using standard phase contrast 

and red fluorescence settings. Data were analysed using the IncuCyte ZOOM software 2018A. 

Background fluorescence was subtracted from original images using the top-Hat threshold 
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transform algorithm. All parameters were kept constant between different experiments. For 

each time point, normalised phagocytosis was calculated as (Red object area)/ (Phase object 

count).  

RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR) 

RNA extraction was performed according to (Quek et al, 2016). Briefly, total RNA extraction 

was performed using Direct-zol RNA miniprep kit (Integrated Sciences, Australia) according 

to the manufacturer’s instructions. cDNA synthesis was then performed using a SensiFast 

cDNA synthesis kit (Bioline, London, UK). Samples were diluted and mixed with SensiFAST 

Sybr Lo-Rox master mix before loading as triplicates for qRT-PCR. qRT-PCR was performed 

using Applied Biosystems ViiA 7 system. Similar 18S ribosomal RNA expression was 

observed in HC and in ALS MDMi, hence was used as a housekeeping gene. ΔΔCT values 

normalised to 18S were used to assess relative gene expression between samples. Samples with 

cycle threshold (CT) values more than two times standard deviation of the average of each 

reference gene were excluded from analysis. Melt curve analyses confirmed a single melt curve 

peak for all primers, summarised in Supplementary Table 1. 

Skeleton analysis 

Phase contrast images of MDMi were captured using a spinning disc confocal microscope 

using a 20x objective of 0.4 numerical aperture. The characterisation of microglia morphology 

was performed using ImageJ analysis software (ImageJ 1.52n, National Institutes of Health, 

Maryland, USA). Phase contrast images of MDMi were first pre-processed using a macro script 

that applied a threshold, followed by conversion to binary images. The “AnalyzeSkeleton” 

plugin was then executed on the binarised images to analyse MDMi branch length, branch 

number (cell process and end-points per cell), and branch junctions (triple or quadruple 

junctions). These data measure microglial morphology (complexity and process length) 

(Young & Morrison, 2018). One hundred cells per patient or individual in each subgroup were 

analysed. 

Statistical Analysis.  Statistical analysis of the differences between groups was performed 

using the Student’s t-test (two-tailed), or the Mann-Whitney U when appropriate. One-way 

analysis of variance (ANOVA) followed by Dunnett’s multiple comparison test was used to 

compare multiple treatment groups versus control. Normal distribution of qPCR data after log-

transformation was assumed. Corresponding statistical test/s and accompanying significance 

data are listed in each figure legend. All statistical analyses were performed using GraphPad 
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Prism 8 (Graphpad Software). *P <0.05 was considered statistically significant. All data were 

presented as mean ± SEM.  

Results 

Generation of human monocyte-derived microglia (MDMi)  

Initial generation and characterisation of MDMi was performed with PBMCs collected from 

healthy volunteers.  Isolated PBMCs were cultured for up to 14 days with induction media 

supplemented with 100ng/ml IL-34 and 10ng/ml GM-CSF to generate a microglia-like 

phenotype, which include the presence of a small soma with ramified morphology compared 

to day 7 MDMi (early stage differentiation) (Fig. 1a), and positive immunostaining for markers 

enriched in microglia such as, P2ry12 and Iba1 (Fig. 1b). Expression levels of seminal 

microglial markers including PROS1, GPR34, C1QA, MERTK, GAS6, APOE and P2RY12 

(Oleg Butovsky et al., 2014; Ormel et al., 2020; Ryan et al., 2017; Sellgren et al., 2017), and 

well-known microglial genes such as TREM2, CD68, and HLA-DRA were upregulated in 

MDMi at day 14 compared to isolated monocytes. Additionally, we evaluated microglial 

transcriptional genes such as RUNX1, PU.1 and IRF8  in day 14 MDMi compared to isolated 

monocytes (Ginhoux et al., 2010; Wehrspaun, Haerty, & Ponting, 2015) (Fig. 1c, S1a).  

RUNX1, a key regulator of myeloid proliferation and differentiation was downregulated in 

MDMi compared to monocytes, indicating a mature and resting microglial phenotype (Zusso 

et al., 2012). There were no changes in PU.1 and IRF8 expression levels between monocytes 

and MDMi indicating that both transcription factors are important in regulating monocytes and 

microglia (Kierdorf et al., 2013). Overall, these results indicate that MDMi display a mature 

microglial phenotype. 

As monocytes can also commit to different tissue-specific macrophage lineages influenced by 

cytokine mediators, we further compared MDMi with monocyte-derived macrophages 

(MDMa), and monocyte-derived dendritic cells (MDDCs) (Fig. S1b). We show that MDMa 

display decreased expression of microglia-markers, TREM2, CX3CR1 and CD68, while 

increased expression of macrophage-marker, CD45 compared to MDMi (Fig.  S1c). 

Additionally, we show that MDMi express both CD209, an immature MDDC marker and 

CCR7, a mature MDDC marker at very low levels, but expressed CD68, a microglial marker 

at a higher level compared to MDDCs (Fig. S1d), confirming the specificity of our MDMi 

population that is different from MDMa and MDDCs. Overall, these results show that MDMi 
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display characteristic microglial genes expressed at a higher level compared to other cells 

within the monocyte lineage. 

Key functions of microglia include phagocytosis and release of inflammatory cytokines in 

response to stimuli. To validate the functional capacity of MDMi cells, we stimulated MDMi 

with pHrodo-labelled E.coli particles, where uptake into the acidic phagosomes results in 

fluorescence. An increased in red intensity over time confirmed the phagocytic ability of 

MDMi (Fig 1d). Further, to examine response of MDMi to various disease-specific damage-

associated molecular patterns (DAMPs), we treated MDMi with TDP-43 recombinant protein 

at 1 and 10nM. This showed a dose-dependent increase of pro-inflammatory cytokines (IL-8, 

TNFα and IL-18) and decrease in anti-inflammatory cell surface marker (CD206) when 

compared to untreated MDMi. (Fig. 1e). Taken together, these results confirmed that MDMi 

have a similar functional capacity to brain microglia. 
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Figure 1. Generation and characterisation of human monocyte-derived microglia 

(MDMi). (a) Schematic timeline of MDMi differentiation for 1, 7 and 14 days in culture, with 

representative phase contrast images. (b) Immunofluorescence images of Iba1, P2ry12 with 

counter-stain DAPI in MDMi (MDMi from <40 years of age: n=5). (c) Gene expression of 

seminal microglia genes including PROS1, GPR34, C1QA, RUNX1, P2RY12 and APOE 

between isolated monocytes and MDMi (isolated monocytes and MDMi from <40 years of 

age: n=5). (d) Representative phase contrast images of MDMi with pHrodo-labelled E.coli 

particles (red) uptake at 12 hr after treatment compared to untreated (top) (MDMi from <40 

years of age: n=5). (e) Gene expression of MDMi treated with 1nM (green) and 10nM (orange) 

TDP-43 recombinant protein (<40 years of age; n=3). The y-axis represents the fold change of 

mRNA expression levels (IL-8, TNFα, IL-18 and CD206) normalised to untreated cells over 

24 hr treatment. Statistical analysis between two groups was performed using Student’s t test 

and between multiple groups using one-way ANOVA. Values are mean ± SEM (*P < 0.05, ** 

P < 0.01, *** P < 0.001, **** P < 0.0001). Scale bars= 50µm. 

ALS patient-derived MDMi reveal morphological differences compared to HCs 

As they mature, microglia lose their ability to proliferate (Bennett et al., 2016). Hence, to 

determine the proliferative capacity of MDMi from ALS patients and HCs, we examined Ki67 

expression, an indicator of cell proliferation. Similar expression levels of Ki67 was observed 

across HC and ALS disease subgroups, confirming the presence of mature differentiated 

MDMi in all cases (Fig S2a). 

Changes in microglial morphology have been shown to reflect the health of the brain (Frank-

Cannon, Alto, McAlpine, & Tansey, 2009). In response to damage or an injury, microglia 

undergo a rapid transition from a ramified to an amoeboid form, characteristic of its activated 

state (Nimmerjahn, Kirchhoff, & Helmchen, 2005). To examine microglial morphology, ALS 

MDMi were stratified into three subgroups with different rates of disease progression (rapid, 

intermediate and slow) (Table 1, Fig. 2a, S2b). We observed a significant reduction in 

microglial branch length (P <0.0001), and end-points (P <0.0001) in ALS cultures when 

compared to age-matched HCs (Fig.2b-c, S2c-e). This was also associated with a decrease in 

the number of microglial branches per cell (P <0.0001) in ALS compared to HC MDMi, 

suggesting a disease-specific morphological change in ALS MDMi (Fig. 2d, S2f). Notably, a 

portion of ALS MDMi within each subgroup presented a similar microglial morphology to HC 
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MDMi, demonstrating heterogeneity of cell morphologies within each disease subgroup (Fig. 

S2d-e). 

In addition, we observed a significant reduction in microglial branch length and end-points in 

ALS across all three disease subgroups compared to HC MDMi (Fig. S2d-f). However, no 

subgroup specific trends were observed (Fig. S2d-f). Interestingly, we observed a significant 

reduction in microglial branch junctions (triple junctions (P=0.0008), and quadruple junctions 

(P=0.0002)) in the slow disease subgroup, and a reduction in the number of triple junctions 

(P=0.0072) in intermediate subgroup compared to HC MDMi. No differences in branch 

junctions were observed in the rapid disease subgroup compared to HC MDMi. The overall 

evidence demonstrates a clear morphological difference in ALS MDMi, which may be 

associated with disease progression. 
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Figure 2. Morphology of ALS MDMi. (a) Phase contrast images of mature ALS MDMi 

subgroups (slow, intermediate, and rapid) 14 days in culture. (b) Microglial branch length of 

HC and ALS MDMi were analysed by ImageJ and normalised to total length per cell; HC: 

n=10, ALS: n=19. (c) Microglial end-points of ALS and HC MDMi were analysed by ImageJ 

and normalised against cell number; HC: n=10, ALS: n=19. (d) Average number of branches, 

and secondary junctions of HC and ALS MDMi were analysed by ImageJ and normalised 

against cell number; HC: n=10, ALS: n=19. Statistical analysis between two groups was 

performed using Student’s t test and between multiple groups using one-way ANOVA. Values 

are mean ± SEM (***P < 0.001, **** P < 0.0001). Scale bars= 50µm. 

 

ALS MDMi reveal abnormal TDP-43 localisation, increased DNA damage and 

inflammasome formation 

A cellular hallmark of ALS is the accumulation of abnormal cytoplasmic TDP-43, where 

nuclear TDP-43 depletes into the cytosol, forming toxic cytosolic aggregates and inclusions 

(Neumann et al., 2007; Svahn et al., 2018). Although there is limited understanding of 

abnormal cytoplasmic TDP-43 localisation in microglia, it has been shown that aberrant TDP-

43 regulation can trigger disease specific changes in microglial profiles, such as microglial 

clearance of amyloid-beta (Aβ), and activated microglial morphology (Paolicelli et al., 2017), 

where genes associated with phagocytosis are upregulated (Spiller et al., 2018). Further, 

extracellular TDP-43 proteins promote the toxic production of microglial pro-inflammatory 

cytokines through nuclear factor-κB (NF-κB), and NLRP3 inflammasome activation in mouse 

models of ALS (Deora et al., 2020; Zhao et al., 2015). Given that these studies support a toxic 

role for TDP-43 in microglia, we examined whether TDP-43 pathology was evident in ALS 

MDMi. 

To examine TDP-43 distribution, immunofluorescence was performed. Interestingly, we 

observed a variety of intracellular TDP-43-positive inclusions including cytoplasmic dashes, 

spheres, skein-like structures, dots, and round inclusions by immunofluorescence for total 

TDP-43 (aa 405-414) or phosphorylated (p)TDP-43 (Ser409/410) in ALS MDMi, indicating 

diverse forms of TDP-43 accumulation in different ALS patients (Fig. 3a-b). The 

heterogeneous intracellular inclusions were independent of the type of disease progression 

(slow, intermediate, or rapid), suggesting that there is a cell intrinsic TDP-43 pathology in ALS 

MDMi, with a range of different TDP-43-positive structures. In support of this, the TDP-43 
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structures were morphologically similar to inclusions previously reported in post-mortem brain 

and spinal cord tissues of ALS patients (Brettschneider et al., 2014; Mackenzie et al., 2007; 

Smethurst et al., 2016). Moreover, TDP-43 aggregation in our cultures was formed under basal 

conditions and without additional stressors, indicative of de novo TDP-43 pathology. Notably, 

some ALS MDMi appear to have normal nuclear TDP-43 localisation (slow = 33.3%, 

intermediate = 50%, rapid = 66.7%), indicating a patient-specific difference within disease 

subgroups. In contrast, HC MDMi presented consistent normal nuclear TDP-43 localisation, 

and no abnormal TDP-43 aggregates were detected (Fig. 3a). To further examine the cellular 

distribution of TDP-43, we quantified the ratio of nuclear to cytosolic TDP-43 staining 

intensities in MDMi and observed that there was significantly increased TDP-43 cytoplasmic 

staining in ALS compared to HC MDMi (P=0.0002) (Fig. 3c). These data support the 

involvement of TDP-43 mislocalisation in microglia as a potential pathological feature of ALS. 

Given that TDP-43 mislocalisation is involved in the accumulation of DNA damage (Konopka 

et al., 2020), we evaluated DNA damage in ALS MDMi using an antibody recognising 

phosphorylated H2AX (γH2AX), which labels DNA double-strand breaks (DSBs). We found 

significantly increased γH2AX foci positive cells in ALS (30%) compared to HC MDMi (4%) 

(Fig. S3a,b). Additionally, a subset of ALS MDMi cells (20%) were positive for pan-nuclear 

γH2AX phosphorylation, while absent in HC MDMi (Fig. S3c). These pan-nuclear γH2AX are 

formed by clusters of γH2AX foci and are mechanistically and morphologically distinct from 

γH2AX foci (Meyer et al., 2013). Overall, these results are indicative of increased DNA 

damage within ALS cells. 

Extracellular TDP-43 protein has been shown to activate the NLRP3 inflammasome in 

microglia from mouse models of ALS (Deora et al., 2020; Zhao et al., 2015). The assembly of 

the inflammasome complex involves the upregulation of NLRP3 protein, the recruitment of 

ASC adapter protein, and caspase-1, leading to the cleavage and release of mature IL-1β and 

IL-18 cytokines and induction of pyroptotic cell death (Schroder & Tschopp, 2010). The 

NLRP3/ASC/caspase-1 inflammasome dependent activation of the innate immune system has 

been demonstrated in brain tissues of ALS patients (Johann et al., 2015; Kadhim, Deltenre, 

Martin, & Sébire, 2016). Given that we observed TDP-43 aggregation/accumulation in ALS 

MDMi, we next examined for the occurrence of inflammasome activation. 

When the inflammasome is activated, cytosolic ASC assembles into a single perinuclear speck 

structure that co-localises to NLRP3 (Fernandes-Alnemri et al., 2007). Here, we observed the 
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co-localisation of ASC with NLRP3 antibody in a small subset of cells (3%), suggesting an 

inflammasome activation in ALS MDMi (Fig. S3d). Interestingly, not all ASC foci were co-

localised to NLRP3, suggesting that other inflammasomes may be involved. Inflammasome 

formation is likely to induce pyroptosis in microglia (Deora et al., 2020). Hence, low 

inflammasome formation observed may reflect the ability to capture inflammasome formation 

before pyroptosis. No co-localisation of ASC protein and NLRP3 inflammasome was observed 

in HC MDMi. The activation of NLRP3 inflammasome was also found to be cell-specific and 

was independent of sex and the disease subgroup (slow, intermediate, and rapid) indicating a 

dysfunction broadly associated with ALS MDMi. These observations were found under basal 

conditions and without stressors. Additional studies are needed to examine the full activation 

of inflammasome formation, including caspase-1 recruitment, processing of IL-1β, and 

pyroptotic cell death to better understand the role of inflammasome in microglia.  

Taken together, these results demonstrate the ability of MDMi to reflect a range of potential 

pathogenic pathways, which may be the key to elucidating the role of TDP-43 in ALS. 
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Figure 3. ALS MDMi display abnormal TDP-43 localisation. (a) Representative 

immunofluorescence images of HC and ALS MDMi showing Iba1 (magenta), TDP-43 (red), 

pTDP-43 (green), and DAPI counterstain (blue). White arrows indicate TDP-43 and/or pTDP-

43 inclusions in ALS MDMi. (b) White arrows indicate examples of inclusions observed in 

ALS MDMi including granular, dot-like, round and skein-like. (c) Ratio of nuclear to 

cytoplasmic TDP-43 in HC and ALS MDMi analysed by ImageJ. Significantly increased 

cytoplasmic TDP-43 observed in ALS compared to HC MDMi. HC: n=10, ALS: n=12. 

Statistical analysis between two groups was performed using Student’s t test. Values are mean 

± SEM (***P < 0.001). Scale bars= 50µm. 

 

ALS MDMi reveal altered cytokine expression profiles compared to HCs 

We next examined the inflammatory cytokine responses in ALS and HC MDMi. qPCR was 

used to measure the mRNA expression of classical pro-inflammatory cytokines (IL-6, IL-8, 

TNF-α, IL-1β, IL-18) and alternatively activated cytokines (IL-10, TGFβ). Interestingly, we 

found an upregulation of IL-8 expression in all ALS MDMi compared to HC MDMi 

(P=0.0022) (Fig.4, S4). This significant upregulation was observed across each of the disease 

progression subgroups (slow, P=0.04, intermediate, P=0.0131, rapid, P=0.0034). IL-8 cytokine 

is known to control migration and activation of microglia and its increase may contribute to, 

and enhance the inflammatory cascade during disease progression. The observations above 

corroborate with studies showing elevated levels of IL-8 in cerebrospinal fluid (CSF) and blood 

of ALS patients compared to healthy individuals (Ehrhart et al., 2015; Kuhle et al., 2009). 

In addition, we found an overall upregulation of TGFβ expression in ALS compared to HC 

MDMi (P=0.0191), where significant upregulation was found in intermediate (P=0.0163) and 

rapid (P= 0.0192) disease subgroups compared to HC MDMi (Fig 4, S4). Interestingly, no 

significant difference was observed for TGFβ expression in the slow disease subgroup 

compared to HC (P=0.4311), although the TGFβ expression level in the slow disease subgroup 

was significantly lower compared to intermediate (P=0.0191) and rapid (P=0.0411) subgroups 

(Fig. S4a). Increased levels of TGFβ mRNA expression have been reported to occur in the 

symptomatic stages of ALS associated with microglial activation and reactive astrogliosis, 

leading to motor neuron cell loss (Meroni et al., 2019).  

There were no obvious changes in the expression of other cytokines (IL-6, TNF-α, IL-10, IL-

1β, IL-18). Heterogeneity was present in cytokine expression across ALS and HC individuals, 
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suggesting that further investigation of cytokine expression at an individual level may allow 

for stratification of disease-associated changes.  
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Figure 4. Altered cytokine expression in ALS compared to HC MDMi. Log-transformed 

mRNA expression of pro-inflammatory cytokines (IL-6, IL-8, TNFα, IL-1β, IL-18) and 

alternatively activated cytokines (IL-10, TGFβ) in HC and ALS MDMi. HC: n=19, ALS: n=29. 

Statistical analysis between two groups was performed using Student’s t test. Values are mean 

± SEM (*P < 0.05, ** P < 0.01). 

Sex-specific variability of cytokine expression in ALS and HC MDMi 

Given that ALS affects males more than females (McCombe & Henderson, 2010), we 

compared ALS and HC MDMi according to sex. Males represented 45% (HC), 66% (slow), 

40% (intermediate) and 55.6% (rapid) of subjects in each group. Interestingly, we found 

significantly increased TNFα expression in males (m) compared to females (f) in the slow and 

rapid disease subgroups (Fig. 5). Elevated levels of TNFα has been found in the serum and in 

the CSF of ALS patients, which further correlates with disease progression and severity 

(Fukazawa, Tsukie, Higashida, Fujikura, & Ono, 2013; Poloni et al., 2000). However, little is 

known regarding the sex-specific alteration of TNFα expression in ALS, which should be 

explored in future studies (Cereda et al., 2008; Hu et al., 2017).  

The change in expression of TGFβ mRNA observed in ALS cases (Fig. 4) correlated with 

increased expression in males compared to females, reaching significance in the slow disease 

subgroup (Fig. 5). Further, significantly increased IL-10 mRNA expression was observed in 

males in the rapid disease subgroups, while IL-1β and IL-18 expression was elevated but not 

significantly altered compared to female patients. IL-18 was also found to be significantly 

lower in HC males compared to HC females. Conversely, an upward trend of IL-18 expression 

was observed in males in slow and rapid disease subgroups. 
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Figure 5. Sex-specific cytokine expression profiles in ALS subgroups and HC MDMi. Log-

transformed mRNA expression of pro-inflammatory cytokines (IL-6, IL-8, TNFα, IL-1β, IL-

18) and anti-inflammatory cytokines (IL-10, TGFβ) in HC and ALS subgroups MDMi. HC (f): 

n=11, HC (m): n=9, slow (f): n=5, slow (m): n=10, intermediate (f): n=3, intermediate (m): 

n=2, rapid (f): n=4, rapid (m): n=5. Statistical analysis between two groups was performed 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.25.354399doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.25.354399
http://creativecommons.org/licenses/by-nc-nd/4.0/


using Student’s t test and between multiple groups using one-way ANOVA. Values are mean 

± SEM (*P < 0.05, ** P < 0.01). f: females, m: males. 

ALS MDMi have impaired phagocytosis 

Phagocytosis is an essential function of microglia, and is reportedly altered in ALS (Haukedal 

& Freude, 2019). We therefore examined the phagocytic ability of ALS MDMi by adding a 

pH-sensitive dye phagocytic probe (pHrodo-labelled E.coli particles) into MDMi cultures and 

imaged each hour using the IncuCyte ZOOM live imaging platform. pHrodo dyes are non-

fluorescent in media and phagocytic function will present as an increase in pHrodo-specific 

fluorescence under conditions of low pH such as incorporation into maturing phagosomes and 

endocytic compartments. 

We observed significantly decreased phagocytic uptake of labelled E.coli particles in ALS 

compared to HC MDMi, as determined by measurement of total pHrodo-labelled particle area 

per cell (2.6-fold reduction) (Fig. 6a-c, S5a-d), which was further confirmed by decreased area 

of labelled E.coli particle uptake per cell (3.4-fold reduction) (Fig. 6d). Moreover, phagocytosis 

impairment revealed a trend associated with increasing disease severity with a 60% reduction 

in phagocytic activity in the slow disease subgroup (P=0.015), 74% reduction in the 

intermediate disease subgroup (P=0.0012), and 79% reduction in the rapid disease subgroup 

(P>0.0001) compared to HC MDMi (Fig. S6f, representative pictures S5e).  

This impairment in phagocytic function appeared to be cell-specific, with some individual 

MDMi showing a strong impairment while other cells in the same culture appeared relatively 

normal (Fig. S5f-g, representative pictures S5e). We examined this further and observed that 

59% of ALS MDMi cells had internalised labelled-E.coli particles compared to 96% of HC 

MDMi cells (P=0.0003, Fig. 6e, representative picture 6c). Within the ALS disease subgroups, 

phagocytosis again showed greater impairment in MDMi from the rapid disease subgroup 

(70% reduction in number of cells showing uptake, P>0.0001) followed by intermediate (40% 

reduction, P=0.0012) and slow (12% reduction, P=0.015) disease subgroups compared to HC 

MDMi.  

Taken together, these findings indicate that a sub-population of ALS MDMi have dysfunctional 

phagocytic function and this correlates with the rate of disease progression. 
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Figure 6. Impaired phagocytosis in ALS compared to HC MDMi. (a) Quantification of 

phagocytosis by pHrodo-labelled E.coli particles over 15 hrs using live imaging in HC and 

ALS. (b) Uptake of pHrodo-labelled E.coli particles in HC and ALS MDMi was quantified 

using area under the curve. (c) Representative images of HC and ALS MDMi uptake of 

pHrodo-labelled E.coli particles (red). Black arrows indicate impaired phagocytosis in specific 

cells in ALS MDMi. (d) Area of pHrodo-labelled E.coli particles normalised over cell number, 

quantified using IncuCyte ZOOM in-built software. (e). Percentage of cells that phagocytose 

particles in HC and ALS MDMi. HC: n=10, ALS: n=11. n=200 cells per patient or individual. 

Statistical analysis between two groups was performed using Student’s t test and between 

multiple groups using one-way ANOVA. Values are mean ± SEM (***P < 0.001, **** P < 

0.0001). Scale bar = 50µm. 
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Discussion 

Neuroinflammation is a hallmark of ALS, which is mediated by activated glial cells and 

infiltrating immune cells from the periphery leading to the subsequent neuronal cell death in 

the brain and spinal cord (Brettschneider et al., 2012; Endo et al., 2015; Turner et al., 2004). 

The complex role of the peripheral and the CNS immune dysregulation in the pathogenesis of 

ALS is not well understood due to the lack of a cellular model that is able to recapitulate the 

clinical heterogeneity in patients over the course of disease progression. Evidence for the role 

of activated microglia in ALS has stemmed largely from human post-mortem analysis, and 

animal models that represent rare familial forms of the disease. Due to the difficulty of studying 

the CNS in living people with ALS, few studies have investigated inflammatory events at 

earlier time points in sporadic cases of disease. Here, we have presented for the first time, a 

patient-derived in vitro model (MDMi) to study microglia-like cells from living ALS patients 

to increase our understanding of the functional phenotype of microglia and their potential role 

in ALS pathogenesis. More importantly, the MDMi model remains in its myeloid lineage 

throughout differentiation, retaining specific epigenetic or splicing patterns in myeloid cells 

that are patient-specific and are reflective of disease changes.  

MDMi most resemble primary fetal brain microglia, displaying enriched microglial genes 

(P2RY12, C1QA, MERTK, PROS1, GPR34 and GAS6) (O. Butovsky et al., 2012; Sellgren et 

al., 2017). Less enriched microglial markers were observed in isolated adult ex vivo microglia 

(serum-starved for 24hrs), in cultured brain ex vivo primary microglia (Gosselin et al., 2017), 

and in an immortalised microglial cell line (Sellgren et al., 2017). One explanation for the 

differential gene expression between resident microglia and ex vivo or cultured microglia could 

be the lack of cell-cell interaction with neurons and other glial cells that drives gene expression. 

This has been supported by studies showing rapid changes to microglia transcriptomes after 

isolation from mouse brain (Gosselin et al., 2017). Thus, future research into microglia-related 

ALS pathology would benefit from co-culturing MDMi with other cell types found within the 

CNS in order to better recapitulate a brain microenvironment. 

A substantial reduction in the phagocytic capacity was observed in ALS MDMi, which was 

further shown to occur in a heterogeneous manner. A proportion of MDMi generated from each 

patient revealed low levels of phagocytic activity while other MDMi from the same patient had 

normal phagocytosis (Fig. 6). This heterogeneous dysfunction was seen across all of the ALS 

subgroups (slow, intermediate, and rapid disease progression), but was exacerbated in rapid 
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compared to intermediate and slow disease progression subgroups, suggestive of an association 

between microglia phagocytic impairment and rate of disease progression. The molecular basis 

of impaired phagocytic capacity in patient-specific MDMi within the same culture is unclear, 

but could be related to the monocyte sub-population (classical: CD14++/CD16-, intermediate: 

CD14+/CD16+, and non-classical: CD14+/CD16++) and its inflammatory state over the course 

of disease progression (O. Butovsky et al., 2012; Du et al., 2020; McGill et al., 2020; Zhao et 

al., 2017; Zondler et al., 2016). Hence, it would be of interest to examine if the different 

monocyte sub-populations are reflected in MDMi by enrichment of monocyte sub-populations 

prior to differentiation, and/or performing single cell RNA-sequencing analysis of ALS MDMi 

cultures in future studies. 

TDP-43 proteinopathies are predominantly characterised by degenerating neurons, astrocytes 

and muscle fibres, which are subsequently phagocytosed by microglia (Spiller et al., 2018; 

Svahn et al., 2018). Interestingly, our study revealed that ALS MDMi recapitulated de novo 

TDP-43 aggregates and increased phospho-TDP-43 immunoreactivity, which are major 

hallmarks of ALS. These observations further support the growing evidence for TDP-43 

pathology in microglia (Paolicelli et al., 2017), and other non-neuronal cell types including 

skin fibroblasts (Riancho et al., 2020), circulating lymphomonocytes, and in 

monocytes/macrophages from a subgroup of ALS patients (De Marco et al., 2017; De Marco 

et al., 2011). Our study is the first to report the appearance of abnormal TDP-43 pathology in 

microglia generated from people living with ALS.  

Paolicelli et al. demonstrated a role for TDP-43 in regulating microglial phagocytosis, where 

increased levels of CD68, a microglial activation marker, was observed in ALS patients with 

TDP-43 pathology compared to ALS patients with no TDP-43 pathology. Further, knockdown 

of TDP-43 protein expression in a BV2 mouse microglial cell line, enhanced phagocytic 

activity. These findings support a role for TDP-43 in regulation of microglial phagocytosis. 

Interestingly, we did not observe a strong relationship between impaired phagocytosis in ALS 

MDMi and TDP-43 mislocalisation, suggesting that other key factors in ALS microglia may 

be associated with these pathological changes in microglia function, which needs to be further 

elucidated. Nevertheless, abnormal TDP-43 pathology in ALS microglia may impair their 

phagocytic ability, alter TDP-43 expression in neuronal and glial cells, perpetuating a self-

driving neuroinflammatory loop. Overall, our findings are consistent with a role for 

dysfunctional microglia phagocytosis in TDP-43 proteinopathies. 
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Microglia activation can result in a neurotoxic or neuroprotective phenotype depending on the 

degree and type of inflammation in ALS (Beers & Appel, 2019). We show here that the addition 

of exogenous TDP-43 recombinant protein in healthy MDMi was able to significantly 

upregulate classical pro-inflammatory cytokine expression and downregulate anti-

inflammatory or alternative activation cytokines (the latter, are believed to be associated with 

a more protective outcome for neurons). In keeping with this, MDMi from ALS showed an 

upregulation of IL-8 (pro-inflammatory), and TGFβ (potentially protective), while no 

significant changes in the expression levels of IL-6, IL-10, IL-1β, IL-18 were observed under 

the same conditions. A possible explanation for the lack of substantial changes across most 

cytokine expression in the ALS cohort could be due to patient heterogeneity and limited sample 

size. Nevertheless, increased levels of IL-8 protein in serum and CSF has been observed in 

ALS patients (Ehrhart et al., 2015; Mitchell et al., 2009).  

However, it is unclear if cytokine responses are directly associated with TDP-43 pathology. 

RNA-sequencing of nuclear and cytoplasmic brain fractions from transgenic mice with 

abnormal nuclear TDP-43 localisation demonstrated altered inflammatory pathways (Amlie-

Wolf et al., 2015), indicating that abnormal sub-cellular localisation of TDP-43 may affect 

inflammatory cytokine generation and/or secretion. However, we did not observe a direct 

correlation between abnormal TDP-43 localisation and cytokine expression, suggesting that 

the relationship between these changes is complex and may require further evaluation in larger 

cohorts. 

As a consequence of inflammation within the CNS, the morphology of microglial cells changes 

from a ramified to amoeboid morphology (activated state), with enlarged soma and decreased 

branch length (Frank-Cannon et al., 2009). We have shown here that cell processes were shorter 

in ALS compared to HC MDMi as evident by reduced branch length and end-points, indicative 

of microglial activation. This was observed in slow, intermediate and rapid ALS disease 

subgroups although there were no disease subgroup-specific morphological changes. These 

results are consistent with studies that have examined ALS spinal cord tissue and demonstrated 

enlarged cell processes in amoeboid-like CD68-positive microglia associated with extensive 

neuronal loss (Brettschneider et al., 2012).  There was no correlation between abnormal MDMi 

morphology and TDP-43 pathology, age, sex, or disease progression indicating that 

morphological changes in ALS MDMi are a consistent factor across the disease and patient 

spectrum.  
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We further stratified the ALS cohort into disease subgroups and sex, and observed the 

upregulation of TNFα in males compared to females in slow, and rapid disease progression 

subgroups. TNFα expression is regulated by two main signalling receptors, p55 TNFα receptor 

1 (TNFR1), and p75 TNFα receptor 2 (TNFR2), which either promote a neurotoxic or 

neuroprotective role respectively (Tortarolo et al., 2017). Clinical data demonstrate that both 

receptors were found to be upregulated in spinal cord tissues of ALS patients (Tortarolo et al., 

2017), indicating a dysregulation of these receptors in disease pathology. The contribution of 

sex to TNFR1 and TNFR2 regulation in ALS has yet to be reported, but has been demonstrated 

in other studies (Miller, Bonn, Franklin, Ericsson, & McKarns, 2015; Wang, Crisostomo, 

Markel, Wang, & Meldrum, 2008). Moreover, differential expression of TNFR1 and TNFR2 

have been found in monocyte sub-populations (Hijdra, Vorselaars, Grutters, Claessen, & 

Rijkers, 2012), supporting the diverse role of monocyte sub-populations that may contribute to 

ALS MDMi pathology.  

We show that MDMi from ALS patients displayed increased γH2AX foci and pan-nuclear 

γH2AX phosphorylation in ALS MDMi compared to HC MDMi under basal conditions. This 

result is in line with other reports showing that ALS tissues exhibit increased DNA damage 

foci, likely mediated by oxidative and replication stress, as recently substantiated in studies of 

different ALS cell models (Konopka et al., 2020; Mitra et al., 2019; Riancho et al., 2020). 

Although it has been shown that TDP-43 is recruited less efficiently to DNA damage foci 

leading to unresolved DDR (Mitra et al., 2019), further studies are needed to examine DDR 

signalling pathways in ALS MDMi. However, it remains a possibility that unresolved DDR 

can lead to the accumulation of single-stranded DNA (ssDNA) and dsDNA, which has been 

observed in the cytoplasm and nucleus of motor neurons, leading to subsequent cell death or 

inflammation (Martin et al., 2007; Quek et al., 2017). The activation of the innate immune 

response triggered by NLRP3, is by far the most studied inflammasome implicated in 

neurodegenerative disease (Heneka, Kummer, & Latz, 2014), yet the role of NLRP3 

inflammasome in ALS remains elusive. Given that NLRP3 and ASC were expressed together 

in ALS MDMi suggest inflammasome activation, however this finding needs to be confirmed 

by the presence of active caspase 1 and the release of mature IL-1β and IL-18 for complete 

inflammasome activation. Additionally, ASC positive but NLRP3 negative ALS MDMi cells 

were observed, indicating that other inflammasome may be involved in microglia mediated 

inflammatory response. Nevertheless, elevated levels of caspase 1, IL-1b and IL-18 cytokine 

have been reported in serum and spinal cord tissues of ALS, supporting the role in 
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inflammasome in ALS pathology (Johann et al., 2015). Taken together, the interplay between 

TDP-43 mislocalisation, neuroinflammation and DNA-damage is a complex process. For 

instance, (1) dysregulation of TDP-43 can lead to impaired DNA damage (Mitra et al., 2019), 

DDR, (Konopka et al., 2020), and (2) inflammation (Zhu, Cynader, & Jia, 2015). (3) 

Unresolved DNA damage and aberrant cytosolic DNA leading to impaired DDR signalling 

contributes to neuroinflammation (Quek et al., 2017). (4) Persistent neuroinflammation results 

in oxidative stress that can, in turn, promote cytosolic TDP-43 aggregation and exacerbate 

DNA damage (Correia, Patel, Dutta, & Julien, 2015). 

There is currently no effective treatment for the progressive neurodegeneration in ALS, hence 

new treatment options are urgently needed. However, a limiting factor in elucidating the 

pathological role of microglia over the course of ALS disease progression is the difficulty in 

obtaining relevant tissue samples from living ALS patients. In this regard, we have shown here 

that MDMi generated from patient blood monocytes provides a readily accessible model that 

displays key microglial features including ramified morphology, phagocytosis, and 

inflammatory responses. Further, we show that the MDMi model is able to reflect patient 

heterogeneity, which potentially enables personalised therapeutics and a clinically relevant 

drug screening platform for microglial targeting compounds. We show that ALS MDMi 

recapitulate key aspects of ALS neuropathology including TDP-43 aggregation, activated 

microglial morphology, DNA damage, cytokine dysregulation, and impaired phagocytosis. We 

also identified important cell- and disease subgroup-specific differences in phagocytic function 

that warrant further examination for cell-specific changes occurring at the molecular level. 

Further studies using this robust, cost-effective and reproducible approach of generating patient 

microglia could help fast-track new personalised therapeutic treatments for ALS patients. 
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Figure 7. Characterisation of ALS MDMi and pathological pathways for potential 

microglia targeted therapy. Blood monocytes derived from ALS patient PBMCs were 

successfully cultured to microglia (monocyte-derived microglia, MDMi). ALS MDMi 

recapitulated hallmarks of ALS pathology, including cytoplasmic TDP-43 localisation and 

phosphorylated (p)-TDP-43 inclusions. A range of abnormalities including microglial 

activation, altered cytokine expression, and decreased phagocytosis was observed in ALS 

MDMi compared to HC MDMi. MDMi model is highly suited to investigate patient 

heterogeneity, screening of patients for clinical trials, and providing a basis for automated drug 

screening platforms in ALS and other neurodegenerative diseases. 
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Supplementary Table 1. List of qPCR primers 

Primer Forward Reverse Size 

18S TTCGAGGCCCTGTAATTGGA GCAGCAACTTTAATATACGCTATTGG 123bp 

APOE GTTGCTGGTCACATTCCTGG GCAGGTAATCCCAAAAGCGAC 146bp 

P2RY12 AAGAGCACTCAAGACTTTAC GGGTTTGAATGTATCCAGTAAG 147bp 

PU.1 AGCAGATGCACGTCCTCGATA AGACCTGGTGGCCAAGACTG 63bp 

IRF8 AGGAGCCTTCTGTGGACGAT GGGAGAATGCTGAATGGTGC 168bp 

RUNX1 TCGCAGCGTGGTAAAAGAAA GCACTGTGGGTACGAAGGAA 117bp 

CX3CR1 CTTACGATGGCACCCAGTGA CAAGGCAGTCCAGGAGAGTT 79bp 

CD68 CTTCTCTCATTCCCCTATGGACA GAAGGACACATTGTACTCCACC 105bp 

CD45 GCAGCTAGCAAGTGGTTTGTTC AAACAGCATGCGTCCTTTCTC 92bp 

C1QA ATGGTGACCGAGGACTTGTG GTCCTTGATGTTTCCTGGGC 276bp 

PROS1 TTGCACTTGTAAACCAGGTTGG CAGGAACAGTGGTAACTTCCAG 132bp 

GAS6 CTCTCTCTGTGGCACTGGTA CCTTGATCTCCATTAGGGCCAA 105bp 

MERTK CTCTGGCGTAGAGCTATCACT AGGCTGGGTTGGTGAAAACA 162bp 

GPR34 CCTGATGTCCAGTAACATTCGC CATGCAGGGAGTATCCTGGT 116bp 

TREM2 TCTTTGTCACAGAGCTGTCC TCATAGGGGCAAGACACCTG 88bp 

HLA-

DRA 

CCCAGGGAAGACCACCTTT CACCCTGCAGTCGTAAACGT 81bp 

CD209 AATGGCTGGAACGACGACAAA CAGGAGGCTGCGGACTTTTT 68bp 

CCR7 GGGGAAACCAATGAAAAGC ACCTCATCTTGACACAGGCATA 75bp 

CD206 TGCAGAAGCAAACCAAACCTGTAA CAGGCCTTAAGCCAACGAAACT 104bp 

Ki67 GAGGTGTGCAGAAAATCCAAA CTGTCCCTATGACTTCTGGTTGT 78bp 

IL-6 TGCAATAACCACCCCTGACC TGCGCAGAATGAGATGAGTTG 104bp 

IL-8 AGACAGCAGAGCACACAAGC ATGGTTCCTTCCGGTGGT 62bp 

IL-10 TGCTGGAGGACTTTAAGGGTTA GATGCCTTTCTCTTGGAGCTTA 254bp 

TNF-α CAGCCTCTTCTCCTTCCTGAT GCCAGAGGGCTGATTAGAGA 123bp 

TGF-β CGCGTGCTAATGGTGGAAA CTCGGAGCTCTGATGTGTTGAA 97bp 

IL-1β AATCTGTACCTGTCCTGCGTGTT TGGGTAATTTTTGGGATCTACACTCT 78bp 

IL-18 AACAAACTATTTGTCGCAGGAAT TGCCACAAAGTTGATGCAAT 72bp 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.25.354399doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.25.354399
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.25.354399doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.25.354399
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplementary Figure 1. Gene expression analysis of MDMi with isolated monocytes, 

monocyte-derived macrophages (MDMa), and monocyte-derived dendritic cells 

(MDDCs). MDMi, MDMa, and MDDCs were generated from monocytes isolated from the 

same healthy young volunteers (<40 years of age) to examine gene changes. (a) Gene 

expression levels of well-known microglial genes such as GAS6, MERTK, PU.1, IRF8, HLA-

DR, TREM2, and CD68 between isolated monocytes and MDMi. A monocyte/macrophage 

gene, CD45 confirmed a monocyte phenotype. (Monocytes and MDMi from <40 years of age: 

n=5).  (b) Representative phase contrast pictures of MDMi (Day 14), MDMa (Day 14), and 

MDDCs (Day 9). (c) Gene expression levels of well characterised microglial genes TREM2, 

CX3CR1 and CD68, and monocyte/macrophage gene, CD45 between MDMa and MDMi. 

(MDMa and MDMi from <40 years of age: n=5). (d) Bar graph showing gene expression levels 

of dendritic cell markers CD209 and CCR7 and microglial marker, CD68 between MDDCs 

and MDMi. (MDDCs and MDMi from <40 years of age: n=5). Statistical analysis between two 

groups was performed using Student’s t test and between multiple groups using one-way 

ANOVA. Values are mean ± SEM (*P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001). 

Scale bars= 50µm. 
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Supplementary Figure 2. Morphology of ALS MDMi. (a) Relative expression of Ki67 

mRNA normalised to housekeeping gene, 18S, was examined in HC, slow, intermediate, and 

rapid ALS MDMi subgroups. No differences were observed between HC and ALS cohort or 

between ALS MDMi subgroups; HC: n=10, Slow: n=7, Intermediate: n=4, Rapid: n=7. (b) 

Representative images of analysed MDMi morphology in ALS subgroups using ImageJ. Phase 

contrast images were adjusted to 16-bit and thresholded to create a mask for MDMi cells. 

Images were then converted to binary and analysed using the AnalyzeSkeleton plugin to obtain 

various microglial branch information. (c) Schematic example of a skeletonised MDMi 

showing branch length (µm), end-points, triple junctions (junctions with exactly 3 branches), 

and quadruple junctions (junctions with exactly 4 branches). (d) Microglial branch length of 

HC and ALS MDMi subgroups were analysed by ImageJ and normalised against cell number. 

Significant reduction of microglial branch length was found in all ALS subgroups compared to 

HC MDMi, where the slow disease subgroup displayed marked reduction followed by 

intermediate and rapid compared to HC MDMi.  HC: n=10, Slow: n=6, Intermediate: n=6, 

Rapid: n=7. (e) Microglial end-points of HC and ALS MDMi subgroups were analysed by 

ImageJ and normalised against cell number. Significant reduction of end-points was found in 

all ALS subgroups compared to HC MDMi. No differences were observed across ALS 

subgroups. HC: n=10, Slow: n=6, Intermediate: n=6, Rapid: n=7. (f) Average number of 

microglial branches and junctions of HC and ALS MDMi were analysed by ImageJ and 

normalised against cell number. Significant reduction of total branches was observed in all 

ALS subgroups compared to HC MDMi. Significant reduction of microglial triple and 

quadruple junctions was observed in slow disease subgroup compared to HC MDMi, while a 

reduction of triple junction was observed in intermediate disease subgroup compared to HC 

MDMi. No difference in microglial branch junctions were observed in rapid disease subgroup. 

HC: n=10, Slow: n=6, Intermediate: n=6, Rapid: n=7. Statistical analysis between two groups 

was performed using Student’s t test and between multiple groups using one-way ANOVA. 

Values are mean ± SEM (*P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001). Scale bar= 

50µm. 
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Supplementary Figure 3. ALS MDMi display increased DNA damage, and NLRP3 

inflammasome formation. (a) Representative immunofluorescence images of ALS MDMi 

showing γH2AX (green), Iba1 (magenta), and DAPI counterstain (blue). White solid arrow 

indicates γH2AX foci, and dotted white arrows indicate pan-nuclear γH2AX staining in ALS 

MDMi. (b) Increased percentage of MDMi containing γH2AX foci in ALS compared to HC 

MDMi, n=60 cells. (c) Increased percentage of MDMi containing pan-nuclear γH2AX staining 

in ALS compared to HC MDMi, n=60 cells. (d) Representative immunofluorescence images 

of HC and ALS MDMi showing NLRP3 (green), ASC (red) and DAPI counterstain (blue). 

White solid arrow showing NLRP3 in HC that does not co-localise with ASC, while ASC speck 

was co-localised with NLRP3 in ALS MDMi suggesting inflammasome formation. HC: n=3, 

ALS: n=3. Statistical analysis between two groups was performed using Student’s t test and 

between multiple groups using one-way ANOVA. Values are mean ± SEM (*P< 0.05). Scale 

bars= 50µm. ASC: apoptosis-associated speck-like protein containing a CARD; NLRP3: NLR 

family pyrin domain containing 3. 
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Supplementary Figure 4. Altered cytokine expression in ALS disease subgroups 

compared to HC MDMi. Log-transformed mRNA expression of pro-inflammatory cytokines 

(IL-6, IL-8, TNFα, IL-1β, IL-18) and alternatively activated cytokines (IL-10, TGFβ) in HC 

and ALS subgroups MDMi. HC: n=19, slow: n=15, intermediate: n=5, rapid: n=9. Statistical 

analysis between two groups was performed using Student’s t test and between multiple groups 

using one-way ANOVA. Values are mean ± SEM (*P < 0.05, ** P < 0.01). 
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Supplementary Figure 5. Impaired phagocytosis in ALS MDMi. Quantification of pHrodo-

labelled E.coli particles phagocytosis over 15 hrs using live imaging in HC: n=10 (green) and 

(a) ALS slow: n=4 (blue), (b) intermediate: n=3 (purple), (c) rapid: n=4 (orange). (d) Uptake 

of pHrodo-labelled E.coli particles in HC and ALS disease subgroups MDMi was quantified 

using area under the curve. (e) Representative images of pHrodo-labelled E.coli particles (red) 

uptake by HC and ALS subgroup MDMi. Arrows show MDMi cells that have no uptake of 

pHrodo-labelled E.coli particles. (f) Area of pHrodo-labelled E.coli particles normalised 

against cell number, quantified using IncuCyte ZOOM in-built software. (g) Percentage of cells 

that phagocytose particles in HC and ALS MDMi. n=200 cells per individual. Statistical 

analysis between two groups was performed using Student’s t test and between multiple groups 

using one-way ANOVA. Values are mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001, ****p 

< 0.0001). Scale bar= 50µm. 
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