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A B S T R A C T   

Microglia play versatile roles in progression of and protection against neuroinflammatory diseases. Little is 
known, however, about the mechanisms underlying the diverse reactivity of microglia to inflammatory condi
tions. We investigated how human induced microglia-like (iMG) cells respond to innate immune ligands. 
Quantitative PCR showed that poly-I:C and lipopolysaccharide (LPS) activated the expression of IL1B and TNF. 
Immunoreactivity of iMG did not differ between controls (n = 11) and patients with neuroinflammatory diseases 
(n = 24). Flow cytometry revealed that CD14high cells expressed interleukin (IL) -1β after LPS treatment. 
Immunoblotting showed that poly-I:C and LPS differentially activated inflammatory pathways but commonly 
induced mitochondrial instability and the expression of pyruvate kinase isoform M2 (PKM2). Furthermore, a 
potent stimulator of PKM2 (DASA-58) alleviated IL-1β production after LPS treatment. These data indicate that 
heterogeneous cell populations and mitochondrial stability underlie the divergent immunoreactivity of human 
iMG in environments.   

1. Introduction 

Microglia are yolk sac-derived resident macrophages in the central 
nervous system (CNS) [18,27,58]. As a family of phagocytic cells, 
microglia refine the connectivity of neurons through synaptic pruning, 
thus configuring the critical period for learning and synaptic plasticity 
early in childhood [3,44,50]. 

As antigen-presenting cells in the brain, microglia also play versatile 

roles in the progression of and protection against neuroinflammatory 
diseases (NIDs), such as acute encephalopathy [15,26,28] and acquired 
demyelinating syndromes (ADS), in childhood [5,7,45,59]. In ADS, 
early demyelinating lesions are characterized by the infiltration of 
microglia, peripheral macrophages, T-cells, and plasma cells [21,23]. 
“Classically activated” microglia in these lesions are critical for the 
phagocytosis of myelin, antigen presentation to T-cells, and release of 
proinflammatory cytokines [13,21], whereas “alternatively activated” 
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microglia are crucial for clearing myelin debris and carrying out 
remyelination [21,23]. 

The dichotomy of microglial functions helps us simplify their com
plex phenotypes under variable environmental conditions [46]. How
ever, increasing evidence shows that the human brain consists of 
microglia with temporarily and spatially heterogeneous populations 
[32,54]. These data indicate that microglia support the postnatal 
development of the human brain with diverse susceptibility to inflam
matory and degenerative diseases [20]. 

Until recently, there have been obstacles hampering the investiga
tion of the functional roles of microglia in the human brain and estab
lishment of experimental models using patient-derived cells. However, 
induced pluripotent stem (iPS) cells and brain organoids have contrib
uted to the recapitulation of the pathogenic conditions of microglia with 
human cells [42]. More recently, the single-cell RNA sequencing system 
has unraveled the human-specific heterogeneity of microglia [33]. 

Both ADS and acute encephalopathy are NIDs that develop in 
otherwise healthy children and adults [22,61]. Various genetic and 
environmental factors are known to be associated with these conditions; 
however, details concerning critical microbes or deficits in the host 
immunity remain elusive [2,8,31]. To explore the functional roles of 
microglia in patients, we have recently developed an in vitro differen
tiation system of induced microglia-like (iMG) cells from human pe
ripheral monocytes [39,40]. According to transcriptomic analyses, iMG 
cells show distinct gene expression profiles according to the culture 
condition [57]. Thus, monocyte-derived iMG are capable of recapitu
lating both resting and activated states of microglia in surgically resec
ted tissues from a patient's brain [57]. 

Using this approach, we investigated how iMG from patients with 
NIDs respond to innate immune ligands. We herein report that iMG from 
children with NIDs and those from healthy adults are indistinguishable 
from each other in terms of the gene expression and cytokine production 

Table 1 
Summary of monocytes and induced microglia-like cells from participants in this study.  

No Subject Sex Diagnosis Category Age a Monocyte 

Onset Sampling N (x105 cells) CD14high (%) 

1 AE-PT1 M AESD Patient 0y8m 7y 28.0 94.50 
2 AE-PT2 M AE Patient 2y11m 14y 13.2 96.55 
3 AE-PT3 M AE Patient 0y11m 8y 6.6 91.33 
4 AE-PT4 F AESD Patient 1y5m 13y 9.1 96.32 
5 AE-PT5 M AESD Patient 1y0m 10y 6.0 97.10 
6 AE-PT6 F AE Patient 0y1m 8y 12.0 94.27 
7 AE-PT7 F AESD Patient 1y0m 5y 4.0 95.25 
8 AE-PT8 M AE Patient 3y10m 6y 5.7 96.04 
9 AE-PT9 M AE Patient 1y5m 13y 11.4 81.02 
10 AE-PT10 F AESD Patient 0y11m 4y 15.0 96.01 
11 AE-PT11 M AE Patient 13y 13y 125 99.22 
12 AE-PT12 F AESD Patient 2y8m 12y 25.0 95.88 
13 AE-PT13 F AESD Patient 0y4m 9y 5.8 98.87 
14 AE-PT14 M GVHD Patient 14y 14y 5.6 86.76 
15 AE-PT15 F AESD Patient 1y1m 14y 18.0 96.21 
16 AE-PT16 F AESD Patient 1y7m 4y 7.8 90.55 
17 AE-PT17 M AE Patient 0y5m 7y 13.7 97.21 
18 AE-PT18 F AE Patient 2y2m 5y 4.4 86.78 
19 AE-PT19 F AE Patient 0y4m 9y 5.2 88.61 
20 AE-PT20 F OMAS Patient 1y9m 9y 10.8 96.22 
21 AE-CT3 M EP Control 8y8m 17y 6.0 94.14 
22 AE-CT4 M EP Control 2y5m 15y 4.8 95.36 
23 AE-CT5 M NMOSD Patient 8y3m 20y 70.0 95.63 
24 MS-PT1 M MOGAD Patient 7y5m 13y 14.3 89.76 
25 MS-PT2 M MS Patient 23y4m 38y 38.0 97.23 
26 SSPE-1 M SSPE Patient 10y7m 23y 4.0 94.56 

27 b AE-HC24 M  Control  34y 5.4 97.54 
28 AE-HC27 M  Control  32y 5.8 95.10 
29 AE-HC28 M  Control  37y 8.0 93.02 
30 AE-HC29 M  Control  35y 10.0 94.16 
31 AE-HC30 M  Control  32y 3.5 96.96 
32 AE-HC32 M  Control  30y 11.2 91.71 
33 AE-HC33 M  Control  34y 26.0 95.53 
34 AE-HC38 M  Control  31y 26.8 88.29 
35 AE-HC39 M  Control  42y 43.2 92.17 

36 c AE-HC11 M  Control  40y 22.4 97.37 
37 AE-HC12 M  Control  47y 19.2 75.73 
38 AE-HC13 M  Control  41y 13.6 90.69 
39 AE-HC14 M  Control  60y 19.2 89.30 
40 AE-HC15 M  Control  40y 7.4 93.85 
41 AE-HC16 M  Control  20y 25.6 94.03 
42 AE-HC17 M  Control  49y 27.2 95.19 
43 AE-HC26 M  Control  32y 9.9 92.41 
44 AE-HC40 F  Control  37y 11.5 94.51 
45 AE-HC41 F  Control  41y 22.7 93.56 
46 AE-HC42 F  Control  36y 18.7 94.06 

AE = acute encephalitis/encephalopathy with unknown etiology; AESD = acute encephalopathy with biphasic seizures and late reduced diffusion; EP = epilepsy; 
GVHD = graft versus host disease; MOGAD = myelin oligodendrocyte glycoprotein antibody-associated disease; MS = multiple sclerosis; NMOSD = neuromyelitis 
optica spectrum disorders; OMAS = opsoclonus myoclonus ataxia syndrome; SSPE = subacute sclerosing panencephalitis. 

a Age represents years (y) and months (m). 
b Sample No. 27-35 (healthy adults) were used for optimizing the protocol. 
c Sample No. 36-46 (healthy adults) were used for subsequent analyses. 

K. Yonemoto et al.                                                                                                                                                                                                                              

Downloaded for Anonymous User (n/a) at Fukuoka Red Cross Hospital from ClinicalKey.jp by Elsevier on September 17, 
2023. For personal use only. No other uses without permission. Copyright ©2023. Elsevier Inc. All rights reserved.



Clinical Immunology 255 (2023) 109756

3

after stimulations with polyinosine-deoxycytidylic acid (poly-I:C) and 
lipopolysaccharide (LPS). Flow cytometry and immunofluorescence 
studies provide evidence that their diverse reactivities correspond to the 
ratio of CD14highCD11dim to CD14dim CD11high cells. LPS and poly-I:C 
distinctively activate their downstream pathways in iMG, whereas 
both ligands commonly disrupt the mitochondrial inner membrane po
tential. Furthermore, a chemical stimulator of pyruvate kinase isoform 
M2 (PKM2) reduces the inflammatory response of iMG. These data 
indicate that the heterogeneity of iMG correlates with the divergent 
immunoreactivity of individuals to environmental stresses. 

2. Materials and methods 

2.1. Participants 

Participants were children (<18 years of age at onset) who received 
diagnoses of and treatments for ADS, acute encephalopathy, and en
cephalitis at Kyushu University Hospital from 2012 to 2022 (Table 1). A 
total of 24 patients with NIDs were enrolled in this study. One patient 
(MS-PT2) developed multiple sclerosis at age 23 years during the follow- 
up for primary immunodeficiency in our hospital. His blood was 
sampled at age 38 years. As non-inflammatory disease controls, 2 chil
dren with epilepsy were recruited (sampling age: 15 and 17 years old, 
both male). Twenty adults (sampling age: 20 to 60 years, 17 males and 3 
females) were recruited as healthy controls. 

2.2. iMG cells 

Human blood-derived iMG were prepared as previously described 
[40]. In brief, peripheral blood was collected in a heparinized tube from 
pediatric patients (5–10 mL) and adults (20 mL). Peripheral blood 
mononuclear cells were isolated by a density gradient centrifugation 
with Histopaque-1077 (#10771; Sigma-Aldrich, St. Louis, MO, USA). 
CD11b-positive monocytes were bead-purified with the magnetic cell- 
sorting kit (#130–049-601; Miltenyi Biotec, Bergisch Gladbach, Ger
many). The isolated cells were resuspended in a conical tube containing 
RPMI-1640 (#11875093; Thermo Fisher Scientific, Waltham, MA, 
USA), 10% heat-inactivated fetal bovine serum (FBS), and 1% Penicillin- 
Streptomycin (#26253–84; Nacalai Tesque, Kyoto, Japan) and plated in 
culture chambers at 2 × 105 cells/mL. Cells were then cultured over
night under standard conditions (37 ◦C, 5% CO2). After overnight in
cubation, non-adherent cells were removed from the culture media. To 
develop iMG cells, the adherent monocytes were cultured with RPMI- 
1640 Glutamax (#61870036; Thermo Fisher Scientific) supplemented 
with 1% Antibiotic-Antimycotic (#15240062; Thermo Fisher Scienti
fic), 10 ng/mL recombinant human GM-CSF (#215-GM-010; R&D Sys
tems, Minneapolis, MN, USA), and 100 ng/mL recombinant human 
interleukin (IL) -34 (#5265-IL-010; R&D Systems) for 14 days. To obtain 
induced macrophage-like (iMφ) cells, the adherent monocytes were 
cultured with RPMI-1640 Glutamax supplemented with 1% Antibiotic- 
Antimycotic and 10 ng/mL recombinant human GM-CSF for 14 days. 
To activate iMGs cells, 50 μg/mL poly-I:C (#tlrl-pic; InvivoGen) and 1 
μg/mL LPS (#L2630; Sigma) was added to the culture medium for 3 h 
(flow cytometry) or 24 h (other assays). All in vitro assays were per
formed at or before 21 days after introduction. To accelerate tetramer 
formation of PKM2, iMG cells were treated with 50 μM 3-(4-(2,3-dihy
drobenzo[b][1,4]dioxin-6-ylsulfonyl)-1,4-diazepan-1-ylsulfonyl) ani
line (DASA-58, #SML2853-5MG; Sigma-Aldrich) for 1 h before 
stimulation with LPS and poly-I:C [43]. To block the co-stimulatory 
function of CD14, iMG cells were pretreated with 5 μg/mL atibucli
mab (#SML2853-5MG; MedChemExpress, Monmouth Junction, NJ, 
USA) for 1 h before addition of LPS [16]. Human IgG4 isotype control 
recombinant antibody (#403701; BioLegend, San Diego, CA, USA) was 
used as a negative control. 

2.3. Cell lines 

THP-1 cells were purchased from JCRB Cell Bank (#JCRB0112; 
National Institutes of Biomedical Innovation, Health and Nutrition, 
Osaka, Japan) [38]. The cells were cultured in RPMI-1640, 10% heat- 
inactivated fetal bovine serum (FBS) and 1% Penicillin-Streptomycin 
at 37 ◦C in 5% CO2. THP-1 cells were activated with 100 nM phorbol- 
12-myristate-13-acetate (PMA) for 3 h. All assays were performed at 
passages 7 to 18. 

2.4. Quantitative real-time polymerase chain reaction (PCR) 

After incubation with poly-I:C or LPS for 24 h, total RNA was 
extracted with an RNeasy Micro Kit (#74004; Qiagen, Venlo, 
Netherlands) and complementary DNA was synthesized using a High- 
Capacity RNA to cDNA Kit (#4387406; Thermo Fisher Scientific) ac
cording to the manufacturer's protocol. Assays were carried out using 
the SYBR green system (#4385612; Thermo Fisher Scientific). The delta- 
delta cycle threshold method was applied for the quantitative mea
surement of gene expression [1]. Human actin-beta (ACTB) was used as 
an internal control. Sequences of oligonucleotide primers are provided 
in Table S1. 

2.5. Cytokine assays 

After incubation with poly-I:C or LPS for 24 h, conditioned media 
were centrifuged at 10,000 rpm for 10 min and kept frozen at − 80 ◦C. 
The levels of pro- and anti-inflammatory cytokines (IL-6, IL-8, IL-1β, and 
tissue necrosis factor-alpha [TNFα]) were measured by the Cytometric 
Beads Array system (#551811; Becton, Dickinson and Company, 
Franklin Lakes, NJ, USA). Undetectable levels of IL-1β were further 
analyzed with an ultra-sensitive electrochemiluminescence method (S- 
PLEX platform #K151ADSS; Meso Scale Diagnostics, Rockville, MD, 
USA). 

2.6. Flow cytometry 

Cultured cells were washed two times with phosphate-buffered sa
line (PBS; pH 7.4), and then detached using Cell Dissociation Solution, 
non-enzymatic (#03–071-1B; Biological Industries Ltd., Beit-Haemek, 
Israel). The cells were collected by centrifugation at 300G for 5 min 
and suspended in MACS Buffer. For extracellular staining, the cells were 
incubated with primary antibodies conjugated to fluorochrome for 30 
min at room temperature. For intracellular staining, cells were incu
bated with 1 μg/mL LPS and 10 μg/mL Brefeldin A (#inh-bfa; Inviv
oGen) for 3 h, collected, and permeabilized with PerFix-nc Kit 
(#B31167; Beckman-Coulter, Inc., Brea, CA, USA). Flow cytometry was 
performed using a EC800 flow cytometer (#EC800; Sony Biotechnology 
Inc., San Jose, CA, USA) [53]. Data were analyzed with the Kaluza 
Analysis Software program, ver. 2.1 (#B16406; Beckman Coulter). An
tibodies used in the present study are shown in Table S2. 

2.7. Immunofluorescence 

Cells were inoculated on a Cell Desk LF-1 (MS-92132; Sumitomo 
Bakelite, Tokyo, Japan), fixed with 4% paraformaldehyde (PFA), and 
permeabilized with 0.1% Triton X-100 as previously described [1]. 
Samples were then blocked with blocking buffer (0.1% Triton X-100, 3% 
FBS) and incubated overnight at 4 ◦C in the presence of 1 μg/mL primary 
antibodies. Alexa 488-, 555-, and 647-labelled anti-rabbit, mouse, and 
chicken antibodies (#A28180, #A27034, and #A21449, respectively; 
Thermo Fisher Scientific) were used as the secondary antibodies. The 
fluorescence dye, 4′,6-diamidino-2-phenylindole (DAPI) was used for 
nuclear staining. Confocal images were obtained with A1 HD25 (Nikon 
Inc., Tokyo, Japan), as previously described. Phase contrast images and 
fluorescent images were taken with the all-in-one microscope BZ-X800 
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equipped with the analytical software program BZ-X (Keyence, Osaka, 
Japan). For quantitative measurements of nuclear and whole-cell signals 
of PKM2, the mean fluorescent intensity of the immuno-labelled protein 
in each region of interest (ROI) was measured using the ImageJ software 
(version 1.54f, 29 June 2023). 

2.8. Western blotting 

Standard methods were used as previously described [1]. In brief, 
cells were grown on a 6-well plate at 2 × 105 cells/mL. The cells were 
washed with cold PBS and lysed on ice with TES-T buffer: 150 mM NaCl, 
2 mM EDTA, 20 mM Tris-HCl (pH 7.5), and 1% Triton X-100 supple
mented with protease inhibitor cocktail (#11873580 001; Roche Di
agnostics, Basel, Switzerland) and phosphatase inhibitor cocktail 
(#04906845001; Roche Diagnostics). Laemmli sampling buffer 
(#161–0747; BioRAD, Hercules, CA, USA) containing 2-mercaptoetha
nol (1%) was added to whole-cell lysates. Equivalent protein amounts 
from boiled samples were separated by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) using 4–15% Mini- 
PROTEAN TGX Gels (#4561083, #4561084 and #4561085; BioRAD). 
The blotted membranes were blocked with 5% milk and incubated 
overnight at 4 ◦C with primary antibodies (Table S2). The membranes 
were then washed for 10 min with PBS supplemented with 0.05% 
Tween-20 (PBS-T) 3 times and incubated with peroxidase-conjugated 
monoclonal mouse anti-rabbit IgG (#170–6515; BioRAD) or goat anti- 
mouse IgG (#170–6516; BioRAD) for 2 h at room temperature. Chem
iluminescence signals were detected using the FluorChem FC2 System 
(ProteinSimple, San Jose, CA, USA). For quantitative measurements of 
protein expression, ACTB was used as an internal control. 

2.9. Mitochondrial inner membrane potential (ΔΨm) 

The ΔΨm was measured using the MitoProbe JC-1 Assay Kit 
(#M34152; Thermo Fisher Scientific) [55]. The stimulated cells were 
incubated with 2 μM 5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimida
zolylcarbocyanine iodide (JC-1) at 37 ◦C for 30 min and labelled with 
Annexin V (#88–8007-72; Thermo Fisher Scientific). Cells were then 
gently detached from the bottom of 6-well plates and subjected to flow 
cytometry. JC-1 monomers (depolarized, green) and aggregates (polar
ized, orange-red) were observed with excitation/emission settings of 
488/530 nm and 540/595 nm, respectively. As a positive control, cells 
were soaked in 50 μM carbonyl cyanide 3-chlorophenylhydrazone 
(CCCP) at 37 ◦C for 5 min before JC-1 labelling [25]. 

2.10. Reactive oxygen species (ROS) 

To measure mitochondrial ROS in iMG, the stimulated cells were 
stained with 2.5 μM MitoSOX (#M36008; Thermo Fisher Scientific) at 
37 ◦C for 5 min [55]. Cells were detached from the 6-well plates and 
analyzed by flow cytometry using 488-nm excitation. For positive con
trols, cells were treated with 5 μM CCCP for 24 h prior to MitoSOX 
labelling. 

2.11. Statistics 

Statistical analyses were performed with R ver. 4.2 (http://R-project. 
org) and JMP software ver. 16 (SAS Institute, Cary, NC, USA). Wilcox
on's signed-rank and rank sum tests were used for the analysis of 
nonparametric paired and unpaired datasets, respectively. A multiple 
comparison analysis was performed with Bonferroni's correction. P 
values of <0.05 were considered significant. 

2.12. Ethics 

This study was conducted in stringent compliance with the institu
tional guideline for clinical studies using human samples. The protocol 

was approved by the institutional review board at Kyushu University 
(#28–88, 29–393 and 678–01). Informed consent was obtained from the 
parents of each patient and healthy adults prior to the acquisition of 
blood samples. 

3. Results 

3.1. Establishment of iMG from pediatric patients 

To establish iMG from pediatric patients, we first optimized the 
differentiation system with small-scale blood sampling from 9 healthy 
adults (Fig. 1A). From 10 to 20 mL of peripheral blood samples, 3.5 to 
125 × 105 CD11b-positive monocytes were obtained. We then consec
utively established iMG from a total of 24 patients with NIDs (sampling 
age: 4 to 38 years, 13 males [54%]) (Table 1). Among them, 9 patients 
received the diagnosis of acute encephalopathy with biphasic seizures 
and late reduced diffusion (AESD) [36,56,61], 9 with unclassified acute 
encephalopathy or encephalitis, 3 with ADS [5], and 3 with other NIDs 
(one with graft-versus-host disease [GVHD], one with opsoclonus 
myoclonus ataxia syndrome, and one with subacute sclerosing pan
encephalitis [SSPE]). Two patients with epilepsy were assigned to the 
control group. Because of the minimal blood sampling performed, 
however, we were unable to establish iMφ from pediatric patients for a 
pairwise analysis of phenotypes with those of iMG. 

Subsets of monocytes are known to differentially react with immune 
ligands [52]. We therefore analyzed the monocyte lineage with the 
conventional algorithm [24]. Based on the expression of pattern 
recognition receptor CD14 [64] and Fc gamma III receptor CD16 [65] on 
the surface of monocytes, we classified the monocytes into classical 
(CD14high CD16-), nonclassical (CD14dim CD16+), and intermediate 
(CD14high CD16+) subsets (Fig. 1B). Monocytes from patients with NIDs 
and controls showed similar proportions of the classical (median 85.8% 
vs. 83.2%), nonclassical (4.77% vs. 4.12%), and intermediate subsets 
(7.53% vs. 11.2%; p = 0.195, 0.775, and 0.175, respectively; Wilcoxon's 
rank sum test) (Fig. 1C). 

During 14 days of differentiation in vitro (div), monocytes gained the 
mature morphology of iMG with a ramified structure and expanded cell 
soma (Fig. 1D, S1A, B). By Day 14 div, iMG cells began to express the 
microglia-specific markers TMEM119, P2RY12, and CX3C motif che
mokine receptor 1 (CX3CR1) (Fig. 1E), indicating that iMG in our 
experimental system reproduced phenotypes equivalent to those in 
previous studies [39,40,57]. 

3.2. Heterogeneous cell population of iMG 

We examined the differential expression of surface markers between 
iMG and iMφ cells. According to the expression profiles of these myeloid 
markers, iMG were classified into two subgroups: CD14high CD11bdim 

and CD14dimCD11bhigh cells (Fig. 1F). Because of minimal blood sam
pling, flow cytometry was performed only for one pediatric patient (AE- 
PT11) and 14 adults (Tables S3, S4). Thus, data on subpopulation of 
CD14high cells in iMGs were not available for all pediatric samples. As 
described in previous studies [40], iMG showed a higher CD11b and 
lower CD14 expression than did iMφ (Fig. 1F, G). In this system, iMG 
showed a marginally lower rate of CD14high cells than iMφ (p = 0.0625, 
Wilcoxon's signed-rank test; Fig. 1G, S1C). The population ratios of 
CD11bhigh and CD45high cells in iMG were similar to those in iMφ (p =
0.312 and 0.625, respectively; Wilcoxon's signed-rank test; Fig. 1G, 
S1C). The ratios of CD14highCD11bdim cell populations in iMG were not 
correlated with the age of participants (n = 16, Pearson's correlation 
coefficients, Fig. 1H). These data suggested that peripheral monocytes 
differentiated into iMG consisting of heterogeneous cell populations. 

3.3. Transcriptional activation and cytokine releases from iMG cells 

We wondered whether iMG from children with NIDs show higher 
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reactivities to immune ligands than those from control subjects. To 
clarify this point, we determined the expression of transcripts encoding 
proinflammatory cytokines before and after treatment with the innate 
immune ligands, poly-I:C and LPS. Quantitative (q) PCR revealed that 
both ligands robustly increased the expression of TNF (p = 9.54 × 10− 7 

[poly-I:C] and 3.05 × 10− 5 [LPS]) and IL1B (p = 2.86 × 10− 6 [poly-I:C] 
and 3.05 × 10− 5 [LPS], Wilcoxon's signed-rank test; Fig. 2A, top). 
Similarly, poly-I:C and LPS increased the expression of SLC1A2 and 
SLC1A3, the two genes encoding glutamate transporters (EAAT2 and 
EAAT1), compared to the basal condition (p = 6.1 × 10− 5 [poly-I:C] and 
1.95 × 10− 3 [LPS], respectively; Wilcoxon's signed-rank test; Fig. 2A, 
middle). Of note, poly-I:C treatment, but not LPS treatment, activated 
the transcription of type I interferon-coding genes IFNA1 and IFNB1 
(Fig. 2A, bottom). 

We then measured cytokines in culture media before and after poly-I: 
C and LPS treatment. Both treatments similarly increased the level of 

TNFα, IL-6, and IL-8 (Fig. 2B). In this assay, however, IL-1β remained 
under the detection limit after the treatments. Thus, we determined the 
concentration of IL-1β in culture media with an ultrasensitive system (S- 
Plex), which confirmed the increase in IL-1β concentrations after LPS 
treatment (median 2720.0 vs. 0.1 ng/mL ; p = 4.82 × 10− 6; Wilcoxon's 
rank sum test; Fig. 2C, S2). However, no significant difference was found 
in the cytokine levels between iMG from patients and those from healthy 
controls (Fig. 2B, C). 

Although we did not detect any hyperactive immune responses of 
iMG from children with NIDs compared with those from controls, we 
observed that iMG from all participants showed distinct patterns of re
sponses to LPS from those to poly-I:C. In Western blotting, LPS induced 
the expression of pro-IL-1β, whereas poly-I:C did not show this effect 
(Fig. 2D). In this system, Poly-I:C, but not LPS, increased the expression 
of STAT1, a downstream effector of the type I interferon-dependent 
pathway [19]. 

Fig. 1. Establishment of induced microglia-like cells from pediatric patients 
(A) Blood sampling from healthy adults and pediatric patients. The sampling volume was adjusted to 3–5 mL (under age 7 years), 5–10 mL (7–14 years) and 20 mL 
(≥15 years). 
(B) A subset analysis of monocytes. According to the expression of CD14 and CD16, monocytes were classified into classical (CD14high CD16− ; right-lower), 
nonclassical (CD14dim CD16+; left-upper), and intermediate (CD14high CD16+; right-upper) subtypes. 
(C) A comparison of the subtype population in monocytes from pediatric patients with NIDs (red, n = 24) and controls (blue, n = 11). *P < 0.05 (Wilcoxon's rank sum 
test). “Cont” and “PT” represent controls and patients, respectively. 
(D) In vitro differentiation of monocytes into induced microglia-like (iMG) cells. Microscopic appearance of iMG before and after differentiation with GM-CSF and IL- 
34. Scale bar, 200 μm. 
(E) The expression of microglial markers in iMG. Cross symbol indicates the point of optical slices for the XZ and YZ planes of confocal images. Scale bar, 50 μm. 
(F) The expression of myeloid markers (CD11b and CD14) on iMG and induced macrophage-like (iMφ) cells. 
(G) The decreased expression of CD14 and unremarkable changes in expression of CD11b and CD45 on iMG compared to those on iMφ. *P < 0.05 (n = 5 each, 
Wilcoxon's signed-rank test). 
(H) Variable expression of CD14 in iMG from participants at different ages (n = 16). R and p values were obtained from Pearson's correlation analysis. 
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3.4. Distinctive molecular pathways activated by poly-I:C and LPS 

To test whether distinctive molecular pathways were activated by 
poly-I:C and LPS, we compared the expression profiles of nuclear factor- 
kappa B (NF-κB)-dependent genes (IL1B and TNF) and type I interferon- 
coding genes (IFNA1 and IFNB1) in iMG from each individual. We 
confirmed that the expression of IL1B was correlated with that of TNF 
(Pearson's correlation analysis; Fig. 3A, left). Similarly, the expression of 
IFNA1 and IFNB1 was correlated with each other after poly-I:C treat
ment (Fig. 3A, right-upper). In contrast, the expression of neither IFNA1 
nor IFNB1 was correlated with that of the NF-κB-dependent genes TNF 
and IL1B (Fig. 3A, middle, S3A). No correlation was observed in either 
the combination of IFNA1-IL1B, IFNB1-ILB1, or IFNB1-TNF (Fig. S3A). 
We further confirmed that the concentrations of NF-κB-associated cy
tokines (IL-6, IL-8, and TNFα) were correlated with each other in culture 
media (Fig. S3B). These data recapitulated the notion that poly-I:C and 
LPS activate distinctive molecular pathways downstream to Toll-like 
receptor 3 (TLR3) and 4 (TLR4), respectively (Fig. 3C). We further hy
pothesized that both the heterogeneity of the cell population and di
versity among individuals contributed to the variable reactivity of 
human iMG to LPS and poly-I:C. 

3.5. Heterogeneous reactivities of iMG to innate immune ligands 

TLR4 recognizes LPS with an essential aid of CD14, a glyco
phosphatidylinositol (GPI)-anchored protein [64], thereby inducing NF- 
κB-responsive genes, IL1B and TNF [66]. We therefore wondered 
whether the expression of IL1B and TNF was correlated with that of 
CD14 in iMG. However, neither the expression of IL1B nor TNF after 
treatment with LPS was significantly correlated with that of CD14 
(Pearson's correlation analysis; Fig. 4A). 

To obtain direct evidence concerning the expression of IL-1β protein 
in CD14-expressing (CD14high) cells, we performed a flow cytometric 
analysis with intracellular immunolabelling with anti-pro-IL-1β before 
and after treatment with LPS. We confirmed that IL-1β- and TNFα- 
expressing (+) cells were increased after LPS treatment (Fig. 4B). As 
expected, the expression of IL-1β was restricted to the subpopulation of 
CD14high cells (86.9%), whereas TNF-α was expressed in both CD14high 

(86.8%) and CD14dim cells (56.5%) after LPS treatment (Fig. 4C). The 
frequency of IL-1β + cells was correlated with that of CD14high cells 
(Fig. 4D, upper). However, no such correlation was observed in the 
relationship between TNFα and CD14 (Fig. 4D, lower). We further 
excluded the possibility that the frequency of CD14high cells did not 

Fig. 2. Diverse reactivity of iMG from different individuals 
(A) The relative expression of cytokine- and glutamate transporter-encoding genes in iMG after poly-I:C and LPS treatment (24 h). Line plots show quantitative PCR 
data for patients with NIDs (red: PT) and controls (blue: Cont). Each line denotes one subject. The expression levels of the gene indicated at top are shown as relative 
values to those without treatments (− ). For panels A-C, pI:C and LPS labels represent treatments with poly-I:C and LPS, respectively; and the minus (− ) indicates no 
treatment. *P < 0.05, **p < 0.01 and ***p < 0.001 (TNF, IL1B, IFNA1 and IFNB1: n = 21, 21 and 16; SLC1A2 and SLC1A3: n = 15, 15 and 10, respectively; Wilcoxon's 
signed-rank test). 
(B) Cytokines in the culture media. Dots show the concentration of each cytokine before (− ) and after treatment with poly-I:C (n = 35) and LPS (n = 29) for 24 h. 
Each dot denotes one subject. For panels B and C, labels of “C” and “PT” represent controls and patients, respectively. 
(C) Measurement of IL-1β concentrations in culture media with a high-sensitivity method, S-Plex (n = 25). Each dot denotes one subject. 
(D) Differential responses of iMG to poly-I:C and LPS treatments. Representative Western blotting for iMG from a healthy adult (HC26). The panels show that pro-IL- 
1β and STAT1 were distinctively expressed after treatment with LPS (1 μg/mL) and poly-I:C (5 μg/mL and 50 μg/mL) for 24 h. 
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change after LPS treatment (Fig. S4). These data indicated that TNFα 
was produced in broader subpopulations of iMG than IL-1β. An immu
nofluorescence analysis verified that strong IL-1β signals were observed 
in a group of CD14- and ionized calcium-binding adapter molecule 1 
(IBA1)-expressing cells (activated iMG) (Fig. 4E). 

To investigate the cause-and-effect relationship between the 
expression of CD14 and production of IL-1β in iMGs, we added atibu
climab, a chimeric monoclonal antibody against CD14 to the culture 
media 1 h before treatment with LPS. We confirmed that atibuclimab 
suppressed the populations of iMGs expressing IL-1β (10.4 ± 1.4% to 3.2 
± 1.1%) and TNFα-expressing cells (51.2 ± 15.9% to 28.3 ± 10.5%) 
after LPS treatment (p = 0.00528 and p = 0.0051, respectively, paired t- 
test; Fig. 5). 

3.6. Mitochondrial responses in iMG 

To understand the molecular pathways that mediate innate immune 
responses of iMG, we focused on the mitochondrial stresses experienced 
after treatment with poly-I:C and LPS. To this end, we analyzed the 
stability of the mitochondrial inner membrane potential (ΔΨm) using 
the fluorescent probe JC-1 [37]. We used CCCP as a positive control for 
decoupling of mitochondrial oxidative phosphorylation (Fig. 6A) [35]. 
We confirmed that CCCP abolished ΔΨm, showing a decrease to <1% of 
the control value in the polymer-to-monomer ratio; however, poly-I:C (n 

= 4) and LPS (n = 3) only partially destabilized ΔΨm (p = 0.492, 
Kruskal-Wallis' test; Fig. 6B). Nonetheless, these treatments induced 
significantly higher rates of Annexin-V+ iMG than at the resting con
dition (21.0–44.2% vs. 13.5–14.0%; p = 9.09 × 10− 3, Wilcoxon's rank 
sum test; Fig. 6C). We therefore investigated whether innate immune 
ligands induced iMG to produce mitochondrial ROS. We found that 
these ligands induced 1.05- to 1.29-fold higher amounts of ROS in iMG 
than in untreated iMG (p = 0.0256, Wilcoxon's rank sum test; Fig. 6D). 

An immunofluorescence analysis showed that CX3CR1, PKM2, and 
IBA1 were co-expressed in LPS-treated iMG (Fig. 6E). Counter- 
immunofluorescence data further supported the notion that PKM2 sig
nals were observed in iMG expressing the mitochondrial chaperonin, 
HSP60 (Fig. 6F) [48]. Western blotting showed that the expression of 
HSP60 was increased after LPS and poly-I:C treatment (Fig. 6G). 
Compared to the induction of HSP60, PKM2 showed only a subtle in
crease after treatment. Thus, the expression of PKM2 was considered to 
be increased only in a small population of iMG under mitochondrial 
stress with an LPS-induced inflammatory condition. 

Because PKM1 and PKM2 are the two end-products of alternative 
splicing from the PKM gene [9], we determined whether iMG from pa
tients with NIDs showed the aberrant expression of these splicing iso
forms. The relative expression of PKM2 to PKM1 was significantly 
increased after treatment with poly-I:C and LPS (p = 5.52 × 10− 3, 
Friedman's test; Fig. 6H). However, iMG from patients with NIDs (n =

Fig. 3. Activation of distinctive molecular pathways by Poly-I:C and LPS in iMG cells 
(A) The correlated expression of NF-κB-dependent genes (IL1B and TNF) and of type I interferon-coding genes (IFNA1 and IFNB1). No correlation was observed 
among the genes in different groups. Scatter plots for the expression profiles of the indicated genes after treatment with poly-I:C (n = 21) and LPS (n = 16). R and P 
values represent Pearson's correlation coefficients. 
(B) The correlation of IL-1β, TNFα, and IL-6 levels in culture media after LPS treatment. R and P values are shown for the linear regression (n = 31, Pearson's 
correlation coefficients). 
(C) Schematic presentation of the two distinctive pathways in an iMG cell. Poly-I:C and LPS differentially activated their downstream targets, STAT and NF-κB, 
respectively. These two pathways led to the production of type I interferons (IFN-α/β) and NF-κB-dependent cytokines (TNFα, IL-1β, IL-6 and IL-8). 
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10) showed no marked difference in the expression ratio of PKM2 to 
PKM1, similar to those from controls (n = 5), in either the resting con
dition or after treatment with poly-I:C and LPS (Fig. S5). These results 
indicated that iMG overexpressed PKM2 under hyperinflammatory 
conditions. 

3.7. Protective role of PKM2 against hyperinflammation in CD14high-iMG 
cells 

The experimental data above prompted us to determine whether 
PKM2 plays a protective role in iMG from exacerbation of the hyper
inflammatory condition after the poly-I:C and LPS treatments. We 
therefore treated iMG with LPS in the presence or absence of the PKM2 
allosteric activator DASA-58 [4,51]. When we measured IL-1β concen
trations in culture media, DASA-58 appeared to prevent the production 
of IL-1β after LPS treatment, but the difference did not reach statistical 
significance with the available samples (n = 4 in each condition, p =
0.500; Wilcoxon's signed-rank test; Fig. 7A). Flow cytometry showed 
that DASA-58 prominently decreased the rate of IL-1β + cells (61.5% to 
27.0%) after LPS treatment (Fig. 7B, left). DASA-58 also had a moderate 
effect on decreasing the rate of TNFα+ cells (75.4% to 56.5%; Fig. 7B, 

right). Consistent results were obtained with iMG from other healthy 
adults (n = 6, Fig. 7C, Table 1). 

The differential effect of DASA-58 on IL-1β and TNFα expression 
appeared to reflect partially overlapping but slightly different sub
populations of iMG expressing these two cytokines after LPS treatment 
(Fig. 3A). We therefore inspected the results more rigorously by sepa
rating the subpopulations of iMG according to their expression of CD14. 
In agreement with the previous results (Fig. 7A-C), DASA-58 decreased 
the rate of IL-1β-positive cells in the CD14high subpopulation (86.9% to 
41.3%), whereas only a minor effect was observed in the CD14dim sub
population (21.1% to 7.8%; Fig. 7D). In contrast, DASA-58 only mildly 
suppressed the rates of TNFα+ iMG in both the CD14high (86.9% to 
74.2%) and CD14dim cells (57.1% to 32.8%) subpopulations (Fig. 7D). 
We attempted to confirm the inhibitory effect of DASA-58 on nuclear 
translocation of PKM2 after LPS treatment. However, we could not 
obtain such evidence because of highly heterogenous response of iMGs 
to LPS (Fig. S6A–C). 

Finally, we verified these results via Western blotting for iMG from 
two healthy adults (HC38 and HC39) (Table 1). As a reference of cells 
more homogenously expressing CD14 than iMG, we used the human 
monocytic leukemia cell line THP-1 [38]. Flow cytometry revealed that 

Fig. 4. Heterogeneity in the CD14high cell population and the immunoreactivity of iMG cells 
(A) Scatter plots for the expression of IL1B and TNF (Y-axis) vs. CD14 (X-axis) in iMG (n = 15) after treatment with LPS for 24 h. For panels A and D, the R and P 
values indicate Pearson's correlation coefficients. ACTB represents the internal standard for qPCR. 
(B) Flow cytometry for CD14, IL-1β, and TNFα before and after LPS treatment (3 h). iMG from a healthy adult (HC39) were used for this analysis (B, C). Note that both 
IL-1β- and TNFα-expressing cells (upper-right quadrant) were increased in number after treatment. 
(C) Histograms (% gated cells) show the IL-1β- and TNFα-expressing cells in CD14high (magenta) and CD14dim (green) populations. IL-1β and TNFα were expressed 
predominantly in the CD14high population after treatment. 
(D) The correlations in proportions of IL-1β- and TNFα-positive (+) cells with the CD14high population in iMG from different individuals (n = 6). 
(E) An immunofluorescence analysis after LPS treatment (24 h) for iMG #AE-PT15. Scale bar, 100 μm. 
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the majority (99.6%) of THP-1 cells were CD14dim cells (Fig. 7E, upper). 
Unexpectedly, however, LPS treatment efficiently induced IL-1β 
(53.7%) and TNFα (70.5%) expression in THP-1 cells (Fig. 7E, lower). 
Pretreatment with DASA-58 partially prevented THP-1 cells from 
expressing IL-1β after LPS treatment (36.0%, Fig. 7E, lower left). How
ever, no substantial effect of DASA-58 was observed on the expression of 
TNFα after LPS treatment (Fig. 7E, lower right). Western blotting did not 
detect a favorable effect of DASA-58 on decreasing the pro-IL-1β 
expression after LPS treatment for THP-1, but it efficiently prevented the 
increase in the STAT1 expression after treatment with poly-I:C and LPS 
(Fig. 7F, left “THP1”). 

Because iMG from HC39 (iMG39) harbored CD14high cells at a higher 
rate (61.4%) than those from HC38 (13.8%; iMG38), pro-IL-1β was more 
evidently induced in iMG39 than in iMG38 after LPS treatment (middle 
and right panels, Fig. 7F). Furthermore, DASA-58 explicitly attenuated 
the pro-IL-1β expression after LPS treatment in iMG39 (“LPS” on the 
right, Fig. 7F). In contrast, only a negligible effect of DASA-58 on 
reducing the pro-IL-1β expression was observed in iMG38 (“LPS” in the 
middle, Fig. 7F). STAT1 was also prominently expressed in iMG39, but 
not in iMG38 cells after polyI:C and LPS treatment. Again, DASA-58 
clearly attenuated the induction of STAT1 in iMG39 (“Mock” vs. 
“D58” on the right, Fig. 7F). 

Taken together, our experimental data indicate that iMG from 
different individuals showed variable proportions of CD14high cells, 
which largely contributed to the production of IL-1β in response to LPS 

(Fig. 8). Unknown factors and multiple dimensions in molecular path
ways were considered to be responsible for the heterogeneity and 
divergence of iMG cells with regard to the production of other cytokines, 
such as TNFα and type I interferons. 

4. Discussion 

This study provides the first experimental evidence that human iMG 
from peripheral monocytes show heterogeneous cell populations and 
differential responses to the innate immune ligands poly-I:C and LPS. 
Based on the flow cytometry data, we defined subpopulations of iMG as 
CD14high and CD14dim groups. The expression of IL-1β after LPS treat
ment was correlated with the population ratio of CD14high to CD14dim 

cells. Thus, our data recapitulated previous findings that CD14 organizes 
the LPS-induced inflammatory signaling in human microglia [14]. These 
data also suggested that “heterogeneity” might be a prerequisite for 
“divergence” in immunoreactivity of iMG from different individuals 
[17,33]. The expression of TNFα after LPS treatment did not depend on 
the presence of CD14high cells, indicating the presence of still-unresolved 
complexities in both the heterogeneity and diversity of human iMG. 

Biochemical data showed that poly-I:C and LPS differentially acti
vated downstream molecular pathways and the expression of pro- 
inflammatory cytokines in iMG. Specifically, poly-I:C induced the 
expression of type-I interferons, while LPS did so for TNF-α and IL-1β. 
Although the concept of heterogeneity in cell populations may 

Fig. 5. Atibuclimab attenuates the IL-1β and TNFα production in iMGs after treatment with LPS. 
(A) Representative flow cytometry data for iMGs from a healthy adult (HC32). Treatments are shown at the top of each panel: No treatment (− ) and LPS with or 
without the atibuclimab (Atib) pretreatment. 
(B) Inhibitory effect of atibuclimab on the LPS-induced IL-1β and TNFα production in iMGs. Sources of iMGs are shown at the top (4 healthy adults). **p < 0.01 
(paired t-test, n = 4 each group). 
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reasonably explain this result, we cannot conclude that distinct or 
overlapping subgroups of iMG responded to these ligands. Bulk- 
prepared samples were unable to identify a group of iMG that might 
react with both poly-I:C and LPS or those showing a higher reactivity to 
one ligand than to another. It therefore might be worth investigating the 
transcriptomic profile of iMG at a single-cell resolution before and after 
stimulation with these ligands [17,33,41]. 

We found that mitochondrial responses were also heterogeneous 
among iMG after treatment with poly-I:C and LPS. Because of the small- 
scale procedure of blood sampling, we were unable to assess the asso
ciation of decreased ΔΨm with the population ratio of CD14high cells 
among iMG cells from the same individual in this study. However, 
immunofluorescence data indicated that HSP60 and PKM2 were co- 
expressed in activated iMG cells after LPS treatment. Consistently, 
several reports have shown that an impaired mitochondrial function 
augments the inflammasome-driven proinflammatory cascade in 
microglia [12]. Such bidirectional interplays between mitochondria and 
inflammation cascades have been considered essential for the 

development of NIDs and neurodegeneration [29]. Thus, we might be 
able to rationalize that the magnitude of mitochondrial stress and 
dysfunction represents the variable degree of inflammation in each iMG 
cell. Based on these findings, we speculate that mitochondria regulate 
heterogeneous and divergent inflammatory responses of microglia in the 
human brain exposed to various immune ligands [6]. 

PKM2 is a rate-limiting enzyme of glycolysis and metabolic reprog
ramming in malignant tissues, called Warburg's effect [62]. In addition 
to the crucial role of PKM2 in tumorigenesis [63], the pharmaceutical 
activation of PKM2 has been shown to exert beneficial effects on con
trolling the inflammatory responses in microglia and macrophages 
[4,52]. Activators of PKM2 induces conformational change of the pro
tein, promoting the formation of a homo-tetramer, the most active form 
of the enzyme. Activated PKM2 then attaches to mitochondrial outer 
membrane and plays a regulatory role in various immune cells against 
inflammatory processes. This is known as an opposing function of the 
dimeric PKM2, which acts as a coactivator of proinflammatory mole
cules, signal transducer and activator of transcription 3 (STAT3) and 

Fig. 6. Mitochondrial instability after treatment with innate immune ligands 
(A) A flow cytometry analysis with JC-1 for the mitochondrial inner membrane potential (ΔΨm). The index obtained from the relative ratio of polarized (polymer, 
red) to depolarized (monomer, green) cells is shown at the bottom of each panel. -, no treatment (A-H). 
(B) Box-dot plots for ΔΨm of iMG before (− ) and after treatment with poly-I:C (P), LPS (L) and CCCP (C). Data for iMG from different individuals (n = 3 [LPS] or 4 
[other conditions]). *P < 0.05 (Kruskal-Wallis' test). 
(C) Box-dot plots for Annexin-V-positive cells in iMG before and after the indicated treatments. Data for iMG from different individuals (n = 3). **P < 0.01 (Wil
coxon's rank sum test). 
(D) Histograms (% gated cells) for mitoSox+ cells before and after the indicated treatments. Box-dot plots in the right panel show data with 3 iMG from different 
individuals. NS, not significant. **P < 0.01 (Wilcoxon's rank sum test). 
(E, F) Immunofluorescence studies for iMG #AE-PT15 (E) and HC39 (F). Note that PKM2 was co-expressed in iMG with IBA1, CX3CR1, and HSP60. Scale bar, 50 μm. 
(G) Representative Western blotting for iMG from HC39. Note that the expression of HSP60 and PKM2 was increased after treatment with poly-I:C and LPS. 
(H) Box-line plots show the relative expression ratio of PKM2/PKM1 in iMG from each participant before (− ) and after the indicated treatments with poly-I:C (P) and 
LPS (L) for 24 h. *p < 0.05 (n = 15 before and after poly-I:C, n = 10 after LPS; Wilcoxon's signed-rank test). Red and black dots represent patients and controls, 
respectively. 
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hypoxia-inducible factor 1 alpha (HIF-1α) [30,52,62]. Our data did not 
support evidence for the inhibitory effect of DASA-58 on nuclear 
translocation of PKM2 after LPS treatment. However, we confirmed that 
pretreatment of iMG with DASA-58 decreased the production of IL-1β 
and TNFα after LPS treatment. Heterogeneity in immune responses of 
iMGs to LPS might explain this discrepancy. The favorable effect of 
DASA-58 suggested that PKM2 and mitochondria might be potential 
targets of molecular intervention for the broad category of NIDs 
[10,11,60]. Alternatively, preconditioning with DASA-58 may expand 
the therapeutic potential of iMG and stem cells in future translational 
research [34,49]. 

Childhood-onset NIDs in this study included a wide variety of clinical 
diagnoses, including ADS [5], AESD [56], and other forms of encepha
litis with or without known pathogens [36]. Because each diagnostic 
category represents a heterogeneous group of diseases, we can hardly 
hypothesize the convergent mechanisms among divergent phenotypes of 
NIDs. It is therefore likely that microglia contribute differently to the 

development of each NID, either in a pro- or anti-inflammatory direction 
[21]. Activation of PKM2 was also shown to prevent iMG cells from 
producing IL-1β and STAT1. Thus, the microglia in these patients might 
contain a subset of mitochondria that are highly reactive to immune 
ligands in environments. In agreement with this concept, the number of 
activated microglia was increased in surgically resected tissues from 
children with AESD [15] and in the brains of animal models for post- 
status epilepticus encephalopathy [47]. Clarifying the molecular path
ways specifically activated in each category of NIDs might help us un
derstand how heterogeneous subtypes of microglia contribute to the 
development of or protection against disease. 

Several limitations must be considered before conclusion. First, we 
focused only on selected molecules in flow cytometry and immunoflu
orescence in order to clarify the heterogeneity and diversity of iMG cells. 
More comprehensive methods, such as flow-mass spectrometry, will 
disclose a broader landscape of phenotypic heterogeneity of iMG from 
individuals with different clinical backgrounds. Phenotypic divergence 

Fig. 7. Regulatory roles of pyruvate kinase M2 in the immunoreactivity of iMG cells 
(A) Variable IL-1β concentrations in culture media before (− ) and after LPS treatment of iMG for 24 h (n = 4). The differential effects of LPS in the presence or 
absence of DASA-58 are shown in the line-connected plots. D58, DASA-58; − , unstimulated. 
(B) Histograms (% gated cells) show the difference in the population of IL-1β- and TNFα-expressing cells before (red) and after (blue) LPS treatment (3 h) determined 
by flow cytometry. The effects of pretreatment with DASA-58 are shown in green. For panels B and D, flow cytometry data were obtained from iMG39. 
(C) Inhibitory effects of DASA-58 (D58) on the immunoreactivity of iMG from different individuals (n = 6). The frequencies (%) of IL-1β- and TNFα-expressing cells 
before and after LPS treatment are shown in the line plots. *p < 0.05 (Wilcoxon's signed-rank test). 
(D) Differential effects of DASA-58 on IL-1β and TNFα expressions in CD14high and CD14dim iMG. Cell counts in panel B were separated into the CD14high and CD14dim 

subpopulations. 
(E) Flow cytometry data for THP-1. The surface expression of CD11b and CD14 (upper) and the intracellular expression of IL-1β (lower left) and TNFα (lower right) 
are shown with color histograms (% gated cells): No LPS (red), LPS with (green) and without DASA-58 pretreatment (blue). 
(F) Western blotting for THP-1 (left), iMG38 (middle), and iMG39 (right). Populations of CD14high cells are shown at the bottom. Note that pro-IL-1β was highly 
expressed in THP-1 and iMG39 after LPS treatment for 24 h, and that DASA-58 most effectively decreased the expression of IL-1β in iMG39. 
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might not be restricted to the cytokine production in iMGs from different 
individuals. Cell motility and migration assays are necessary for further 
characterization of iMGs. Second, no cytokine-encoding genes were 
found to be overly expressed in iMG from children with NIDs because we 
performed qPCR only from bulk-prepared mRNA. Single-cell RNA 
sequencing may help identify which genes are uniquely upregulated and 
how many of iMG express particular subsets of genes in response to 
innate immune ligands. This modality will provide much deeper infor
mation than the current dataset about heterogeneity of iMGs in terms of 
specific cell populations and molecular pathways activated by the innate 
immune ligands. Third, we analyzed only a small number of iMG cells 
from currently available patients in each disease category of NIDs. The 
number of samples was too small to interpret our data as representative 
of all patients. It was also hard to characterize innate immune responses 
of iMGs from pediatric patients without sufficient number of samples 
from healthy children. In compliance with the ethics statement, we have 
obtained written informed consent from parents of the pediatric patients 
before sampling. Thus, we could not collect blood samples from healthy 
children for the purpose of this study, but established control iMGs only 
from two children, who had epilepsy (AE-CT3 and AE-CT4). Because 
homeostatic markers of microglia are currently known to decline with 
aging [20], we cannot exclude the possibility that immunoreactivity of 

iMGs might differ with the age of subjects. By accumulating single-cell 
transcriptomic data, we might detect a certain type of heterogeneity in 
the expression profiles for each NID. 

In conclusion, we found that human iMG show diverse reactivity to 
poly-I:C and LPS according to the population of CD14high cells. The 
functional role of PKM2 linked the heterogeneous cell population and 
diverse immunoreactivity of iMG to these ligands. Our data indicate that 
human iMG can help clarify the pathogenic mechanisms underlying 
various NIDs in childhood. These efforts provide promising insight into 
therapeutic targets for future translational medicine for affected 
children. 
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