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A B S T R A C T

Exposure to air pollution is associated with neurological diseases. Traffic is a major source of air pollution, 
consisting of a complex mixture of ultrafine particles, that can invade the brain and induce a microglia-mediated 
inflammatory response. However, the exact mechanisms of how traffic-related particles impact human microglia 
remain poorly understood.

This study investigates the effects of diesel exhaust particles (DEPs) on human induced pluripotent stem cell- 
derived microglia-like cells (iMGL). We exposed iMGLs to three different DEPs and studied the impact on the 
iMGL transcriptome and functionality, focusing on cytokine secretion, mitochondrial respiration, lysosomal 
function, and phagocytosis. A20 particles were collected from a heavy-duty engine run with petroleum diesel. 
For A0, the same engine was run with renewable diesel. E6 was produced with a modern 2019 model diesel 
passenger car run with renewable diesel. RNAseq revealed activation of the cytokine storm pathway and inhi
bition of the autophagy pathway in iMGLs after exposure to particles derived from older diesel emission tech
nology (A20, A0). Particles from the modern diesel engine technology (E6) did not alter microglial transcriptome 
after 24 h exposure. A20 and A0 exposure led to impaired lysosomal functions in iMGLs. In contrast, E6 did not 
cause major alterations in microglia functions. In addition, we show that response to particles is more pro
nounced in human iMGLs compared to mouse primary microglia.

To conclude, particles from older emission technology impair phago-lysosomal functions of iMGLs, but 
modern alternatives with filtration do not induce drastic changes in the functionality of iMGLs.
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1. Introduction

Exposure to air pollution has been linked with a variety of adverse 
health effects in the lungs and heart, and recently, it has also been 
associated with cognitive decline and neurodegeneration (Cristaldi 
et al., 2022; European Environment Agency, 2023). The European 
Environment Agency estimated that in 2021, 97 % of the urban popu
lation was exposed to levels of pollution exceeding the newest World 
Health Organization guidelines (European Environment Agency, 2023; 
World Health Organization, 2021). A major source of outdoor pollution 
is traffic-related air pollution, consisting of a complex mixture of 
gaseous and particulate compounds, such as diesel exhaust particles 
(DEPs) (Wichmann, 2007). The size of the DEPs can reach the nano
meter range and are classified as ultrafine particles (UFPs) with an 
aerodynamic diameter of less than 100 nm (Liati et al., 2018). Even 
though the levels of particulate matter are regulated, no legal ambient 
standards for UFPs exist. However, WHO recommends increasing the 
research knowledge of UFPs (World Health Organization, 2021).

The smaller particles are the most concerning, and inhaled particles 
can quickly penetrate different tissues (Kwon et al., 2020). A variety of 
nanoparticles have been detected in human lungs and serum (Lu et al., 
2020). Growing evidence shows that particles can also be deposited in 
the brain. Isotope-labeled carbon black molecules have been reported to 
be distributed rapidly to the brain among other organs (Qi et al., 2022), 
and different nanoparticles and black carbon particles have been found 
in the human brain (Maher et al., 2016; Vanbrabant et al., 2024). 
Strikingly, black carbon from maternal exposure has also been reported 
to be present in the placenta and even in fetal organs, including the 
developing brain (Bongaerts et al., 2022; Bové et al., 2019). Exposure to 
diesel exhaust can lead to alterations in memory and behaviour in mice 
(Ehsanifar et al., 2023, 2022, 2021; Li et al., 2020). Even a short 
exposure to diesel particles can lead to increased cytokine levels and 
oxidative stress in mouse brain (Cole et al., 2016; Shkirkova et al., 
2022). Cortical stress response and decreased brain connectivity in 
humans have been reported as well (Crüts et al., 2008; Gawryluk et al., 
2023).

The specialized immune cells of the brain, microglia, are the first to 
respond to brain-infiltrating particles. Upon current knowledge, micro
glial dysfunction is also considered as the potential initiator of inflam
matory events in the central nervous system associated with 
neurodegenerative diseases such as Alzheimer’s disease or Parkinson’s 
disease (Zhang et al., 2023). Exposure to air pollution has been raised as 
a potential contributor to microglial dysfunction and has been exten
sively studied in rodent microglia. However, recent research has 
demonstrated that human and rodent microglia differ from each other in 
their transcriptome and functions (Abels et al., 2021; Galatro et al., 
2017; Sabogal-Guáqueta et al., 2023; Yvanka de Soysa et al., 2022). Yet, 
we still have limited knowledge of how pollution impacts human 
microglia.

Stem cell-derived human microglia recapitulate the important tran
scriptomics signatures and functions of human microglia and offer a 
simple but more translationally relevant tool to study air pollutant 
exposure in human microglia (Dolan et al., 2023; Hedegaard et al., 
2020; Lloyd et al., 2024; Speicher et al., 2019). Here we elucidated how 
three different diesel exhaust − derived particles impact the human 
induced pluripotent stem cell (iPSC)-derived microglia-like cells 
(iMGLs). We have previously published a smaller-scale study, describing 
that particulate matter originating from a diesel car engine or a bus run 
with compressed natural gas can alter human microglial functions 
(Jäntti et al., 2024). To broaden these findings on diesel exhaust, we 
utilized emissions derived from a heavy-duty diesel engine run either 
with petroleum diesel with a fuel aromatic content of 20 % (A20) or 
renewable diesel with 0 % aromatic content (A0), or from a 2019 model 
diesel car run with renewable diesel (E6). We chose a concentration of 
DEPs that did not alter the viability of the cells to study how short-term 
exposure alters the microglial transcriptome. To validate the 

transcriptomic findings, we carried out a specific panel of functional 
assays to investigate the effect of the particles on microglial cytokine 
secretion, mitochondrial respiration, phagocytosis and lysosomal func
tion. We hypothesized that short-term exposure to DEPs can elicit a 
strong inflammatory response in iMGLs due to a complex mixture of 
components. Our results indicate that exposure to DEPs disturbs the 
microglial transcriptome and function depending on the engine, fuel, 
and emission aftertreatment technology. Thus, this study contributes to 
understanding the impact of traffic-related air pollution, specifically 
diesel exhaust, on human brain health.

2. Results

2.1. Diesel exhaust particles are not toxic to iMGLs in any tested 
concentrations

To study the impact of DEPs on human microglia, iPSCs derived from 
clinically healthy individuals were differentiated into iMGLs (Konttinen 
et al., 2019) and exposed to particles (A20, A0, or E6). A20 and A0 are 
derived from a modern heavy-duty diesel engine without any after
treatment system, thus presenting diesel exhaust from older emission 
technology. A20 was produced with standard EN590 petroleum diesel 
and A0 with renewable EN15940 diesel. For E6, a 2019 diesel vehicle 
was run with renewable diesel, and it presents the most modern diesel 
exhaust compliant with the Euro 6d European emission standard. These 
particles have been characterized previously (Hakkarainen et al., 2023; 
Mussalo et al., 2023). The size of the particles was less than 100 nm in 
diameter and thus, they are defined as ultrafine particles. To expose 
iMGLs, the exhaust particles were extracted from collection filters to a 
solvent containing DMSO, diluted directly into the medium, and intro
duced to the cells (Fig. 1A). For the comparison of particle effect, either 
solvent control or a filter control was used. For solvent control, the same 
concentration of DMSO was used as in particle exposure. For the filter 
controls (FC-A for A20 and A0; FC-E for E6), clean filters were processed 
similarly to particle collection filters but without exposure to the diesel 
exhaust.

First, the potential cytotoxicity of the particles was assessed with 
live-cell imaging. iMGLs were exposed to several concentrations of 
particles or a corresponding concentration of solvent control (DMSO) for 
24 h. After the addition of the DMSO control or pollutants, a small peak 
in cytotoxicity signal was observed within the first hours from starting 
the exposure (Supp. Fig. S1A-B). This was also evident in the untreated 
medium control (without any exposure) and it vanished within a couple 
of hours. After 24 h, none of the tested concentrations were cytotoxic for 
iMGLs. Additionally, the impact of the exposure on the metabolic ac
tivity of iMGLs was measured by MTT assay. Increasing concentrations 
of A20 and A0 caused an increasing trend in metabolic activity, and the 
highest concentrations of A20 and A0 caused a statistically significant 
increase in the metabolic activity compared to DMSO control (Supp. 
Fig. S2A). In iMGLs exposed to E6, there were no changes in the meta
bolic activity compared to the DMSO control in any of tested 
concentrations.

Even though these pollutants have been described as ultrafine par
ticles (Mussalo et al., 2023), A0 and A20 had some particle agglomerates 
visible on normal light microscope in a dose-dependent manner (Supp. 
Fig. S2B). However, as these A20 and A0 contain a combination of 
carbon particles (Hakkarainen et al., 2023), they are susceptible to 
forming aggregates in solutions. The particle number in E6 is extremely 
low compared to A20 and A0, no visible aggregates were seen at any 
concentration.

The concentration of particle exposure was equalized to the 
following assays and set to 50 L of collected exhaust/mL (with 0.25 % 
DMSO). As a mass, this corresponds to 132.5 µg/mL for A20 and 90 µg/ 
mL for A0. As E6 presents the most modern technology, it produced only 
negligible mass and thus, cannot be reported as such. These can be 
considered as a high dose, as earlier studies have used pollutant 
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concentrations varying from 1 to 100 µg/mL for 24 h exposure, mostly 
for mouse microglial cell line (BV2) or primary mouse microglia 
(Gómez-Budia et al., 2020; Jäntti et al., 2024; Kang et al., 2021). We 
confirmed that these concentrations did not significantly alter the 
metabolic activity or release of lactate dehydrogenase (LDH) of iMGLs 
(Fig. 1B–C). In addition, after 24 h exposure to particles, iMGLs 
responded to acute application of ATP and APD and showed an increase 
in intracellular Ca2+ (Fig. 1D). iMGLs responded to ATP equally in all 
exposure groups (>98 % of cells responsive). The percentage of cells 
responding to ADP showed a decreasing trend in A20-exposed iMGLs, 
but the difference was not significant. The amplitude of ADP-induced 
Ca2+ signal was significantly decreased in iMGLs after exposure to 
A20 (Fig. 1E). No other significant differences in signal amplitude were 
observed. Finally, immunostaining showed that iMGLs expressed 
markers of microglial identity, including IBA1, PU.1, P2RY12, and 
TMEM119 after 24 h exposure (Supp. Fig. S3).

2.2. Exposure to A0 and A20 alter pathways associated with microglial 
functions

To investigate whether cellular processes are altered due to particle 
exposure, we analyzed the transcriptome of iMGLs after 24 h of exposure 
(Fig. 2A). As a comparison, lipopolysaccharide (LPS) was used as a 
positive control to induce a strong inflammatory stimulus for iMGLs. 
RNA sequencing revealed 1994 and 399 differentially expressed genes 
(DEGs) in A20- and A0-exposed iMGLs, respectively (Fig. 2B). 355 DEGs 
were common between A20- and A0-exposed iMGLs. Unexpectedly, E6 
exposure did not reveal any DEGs. LPS stimulation induced a stronger 
response in the iMGLs transcriptome, with around 5800 DEGs (Supp. 
Fig. S4A, Supp. Tables S1 and S2). Whilst some of the DEGs were shared 
between A20 or A0 exposure, LPS induced a distinct transcriptional 
response compared to the particle exposures (Supp. Fig. S4A). iMGLs 
retained their transcriptional microglial identity upon exposure (Supp. 
Fig. S4B).

The most upregulated genes in response to A20 and A0 exposure 
included e.g. IL8, IL1B, TNF, CLEC5A, THBP, and NQ1A (Supp. 
Table S1). Functional enrichment analysis of DEGs found several 
deregulated pathways, which were shared between A20- and A0- 
exposed iMGLs (Fig. 2C, Supp. Table S3.). As expected, pathways asso
ciated with particle exposure such as “xenobiotic metabolism” and “aryl 
hydrocarbon receptor signaling” had positive z-scores and were pre
dicted to be activated. In addition, pathways related to the cell cycle 
were predicted to be activated. In addition, activation of either ferrop
tosis (A20) or pyroptosis (A0) signaling pathways suggests cellular stress 
in response to the particles.

The analysis also revealed alterations in pathways associated with 
multiple important microglial functions, such as the upregulation of 
cytokine and chemokine genes translated as activation of the “hyper
cytokinemia/hyperchemokinemia pathway”. In addition, phagocytosis 
and autophagy pathways were inhibited, possibly disturbing the clear
ance capacity of iMGLs. Finally, activation of pattern recognition re
ceptors and TREM1 signaling was predicted. The analysis also revealed 
some unique pathways associated with A20 exposure (Supp. Fig. S4C, 
Supp. Table S3). These included, for example, activation of cholesterol 
biosynthesis, CLEAR (Coordinated Lysosomal Expression and 

Regulation) signaling, and production of nitrite oxide and reactive ox
ygen species pathways.

2.3. Transcriptional signature specific for human microglia

To investigate whether the transcriptional changes detected in the 
particle-exposed iMGLs are specific to human microglia, we exposed 
mouse primary microglia to A20 or A0 in a similar manner (Fig. 2D). 
Due to the limited amount of filter control, we utilized 0.25 % DMSO as a 
control. Analysis revealed 2670 DEGs in A20-exposed and 9 DEGs in A0- 
exposed mouse microglia in comparison to DMSO control (Supp. 
Table S4). Compared to iMGLs, the induced transcriptional changes 
were lower in magnitude, especially in A0-exposed mouse microglia. In 
iMGLs, 3150 DEGs and 645 DEGs were observed in A20- and A0-exposed 
iMGLs when compared to DMSO control, respectively (Supp. Table S1).

Pathway enrichment analysis was carried out to evaluate if the 
exposure alters similar pathways in both human iMGLs and mouse 
microglia. In A20-exposed microglia, most of the pathways were shared 
between human iMGLs and mouse microglia (Fig. 2E). These pathways 
were related to cell cycle regulation and immune response and, for 
example, included alterations in TREM1 signaling, cytokine storm, 
autophagy, and phagocytosis pathways (Supp. Table S5). In contrast, 
exposure to A0 caused mostly changes in the human iMGLs. For 
example, the analysis did not predict alterations in autophagy, phago
cytosis, and immune-related pathways in A0-exposed mouse microglia 
in contrast to human iMGLs (Supp. Table S5). In mouse microglia, the 
alterations were mostly related to amino acid metabolism. Only six 
pathways were shared between A0-exposed iMGLs and mouse microglia. 
These shared pathways included: “Cristae formation”, “Regulation of 
lipid metabolism by PPARalpha”, and “Transport of inorganic cations/ 
anions and amino acids/oligopeptides”. In addition, three pathways 
(“Mitochondrial protein import”, “Xenobiotic Metabolism AHR 
Signaling Pathway”, and “tRNA Charging”) were also shared among all 
the groups.

2.4. Exposure to A20 and A0 increase the gene transcription of cytokines 
and chemokines, but this is not replicated at the protein level

As exposure to A20 and A0 increased the gene transcription of 
several cytokines and chemokines (e.g. IL8, IL10, IL1B, CCL3) (Fig. 3A), 
we measured the cytokine and chemokine secretion from iMGLs after 24 
h exposure to particles. The levels of IL-1β were detectable in the me
dium samples of iMGLs only from one iPSC-line (MAD6), and the levels 
of TNFα were under the detection limit in iMGLs from one iPSC-line 
(MAD8). The secretion of IL-10 was significantly lower in A20- and 
A0-exposed iMGLs compared to the filter control (Fig. 3B). In addition, 
the levels of MIP1α/CCL3, IL-8, and IL-6 showed a trend towards lower 
secretion in A20-exposed iMGLs, however, the difference failed to reach 
statistical significance. E6 exposure did not cause any significant dif
ferences in any of the measured analytes.

2.5. Exposure to A20 and E6 cause minor alterations in the mitochondrial 
respiration of iMGLs

To investigate if particle exposure causes changes in the metabolism 

Fig. 1. Exposure and cytotoxicity of three diesel-exhaust derived pollutants in iMGLs A) workflow of the study. Pollutants from diesel exhaust were collected in 
filters and extracted. Particles were dissolved and introduced to cells in the culture medium. The iMGLs were exposed to pollutants for 24 h and the cytotoxicity was 
evaluated by measuring B) the metabolic activity with MTT-assay and C) LDH release. n = 3 (iPSC lines, outlined symbols), each with 4–6 technical replicates (wells, 
non-lined symbols). Comparison to corresponding filter control (FC-A vs. A20 or A0, FC-E vs. E6) with matched one-way ANOVA with Šidák multiple comparisons 
test. D) Percentage of cells with intracellular Ca2+ response to acute application of 100 µM ATP or ADP after 24 h exposure to pollutants. E) Amplitude of ATP- or 
ADP-induced intracellular Ca2+ transient. n = 3 (iPSC lines), with the number of cells recorded per group 89–322 and the median used to describe the population. 
The data is presented as mean ± SD. Matched one-way ANOVA with Dunnett’s multiple comparison test (FC-A vs. A20 or A0) or paired t-test (FC-E vs. E6) was used, 
p-value=*<0.05. iPSC = human induced pluripotent stem cells, iMGLs = human induced microglia-like cells. Diesel exhaust pollutants: A20 = heavy-duty engine run 
with petroleum diesel, A0 = heavy-duty engine run with renewable diesel, E6 = a 2019 model diesel vehicle run with renewable diesel, FC-A = filter control for A20 
and A0 pollutants, FC-E = filter control for E6. Med = untreated medium control.
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Fig. 2. Impact of pollutant exposure on the transcriptome of iMGLs. A) iMGLs were exposed to pollutants for 24 h and changes in iMGLs transcriptome were 
studied. B) Number of differentially expressed genes (DEGs) between pollutant treatment and corresponding filter control exposure. C) Pathway analysis of DEGs 
with heatmap presentation of shared pathways between A20 and A0 exposure. Yellow indicates activation in exposed samples; blue indicates inhibition in exposed 
samples, n = 8 for A20, A0, and FC-A, n = 7 for E6, and n = 4 for FC-E (iPSC lines) with one technical replicate (dish) per each sample. D) To compare human-specific 
transcriptional changes, primary microglia were extracted from mouse pups and exposed to A20 and A0 pollutants. DMSO was used as a control. E) Pathway 
enrichment analysis revealed shared and unique pathways in human iMGLs and mouse microglia upon A20 or A0 exposure. For mouse microglia, n = 7 (DMSO), 5 
(A0) and 6 (A20) of primary microglia culture batches. For iMGLs, n = 8 iPSC lines (A20, A0, DMSO). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
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of iMGLs, we employed Seahorse Mito Stress assay after 24 h exposure. 
The assay measures cellular oxygen consumption rate (OCR) in response 
to the injection of chemicals modulating mitochondrial functions 
(Fig. 4A, D), which enables the estimation of parameters reflecting 
cellular respiration. Exposure to A20 led to a significant increase in the 
proton leak of iMGLs, but A0 or E6 exposure did not result in any sig
nificant changes in these parameters (Fig. 4B, E). The basal extracellular 
acidification rate (ECAR) was significantly decreased after E6 exposure 
in iMGLs, but no ECAR changes were observed in A20- or A0-exposed 
iMGLs (Fig. 4C, F).

2.6. Exposure to E6 leads to enhanced motility of iMGLs

After exposure to particles, iMGLs showed a normal response to ADP 
application with increase in intracellular Ca2+ (Fig. 1D–E). ADP is also a 
strong chemotaxis-inducing agent and thus, we investigated if particle 
exposure can alter the motility of iMGLs. We utilized scratch wound 
assay and measured the migration of iMGLs on the wound area (relative 
wound density, RWD) upon acute exposure. In A20, the particles accu
mulated in the wound area (Supp. Fig. s5A). As the assay relies only on 
the phase image, the quantification of A20 exposure on the cellular 
motility was not feasible. However, no quantification bias was observed 
in A0- or E6-exposed iMGLs (Supp. Fig. S5B). ADP induced faster 
migration to the wounded area (Supp. Fig. S5C). No significant differ
ences were observed in the basal motility upon A0 exposure; however, 

E6 increased the motility of iMGLs (Supp. Fig. S5D). No differences were 
observed in ADP-induced motility in response to either of the pollutants.

2.7. Exposure to A20 and A0 alter the lysosomal dynamics of iMGLs

As analysis of RNAseq data predicted alterations in the lysosome- 
phagocytic pathway of microglia, we examined the impact of exposure 
on iMGLs lysosome function (Fig. 5A). As a proxy estimation for lyso
somal functions, iMGLs were stained with a lysosomal dye (Lysoview 
540) which incorporates the acidic lysosome and exhibits fluorescence 
in an acidic environment. With live-cell imaging of the iMGLs, we 
detected a striking reduction in lysosomal staining after acute exposure 
to A20 or A0 (Fig. 5B, Supp. Fig. S6A) and quantification showed a 
significant decrease in the Lysoview 540 intensity already at two hours 
after starting the exposure (Fig. 5B). E6 did not cause any alterations in 
the lysosomal function.

As the RNAseq analysis of mouse primary microglia suggested that 
A20, but not A0, induces alterations in the pathways involved in the 
lysosomal system, we repeated the Lysoview assay also using mouse 
microglia. We detected a significant reduction in the Lysoview 540 in
tensity in A20- or A0-exposed mouse microglia (Supp. Fig. S7A-B). 
However, compared to iMGLs, the reduction was slower and less drastic 
(Supp. Fig. S7C-D). In iMGLs, two hours after starting the exposure, the 
Lysoview540 intensity was less than 15 % from the zero timepoint (T0 =
100 %) in A20- and A0-exposed iMGLs. Whilst, in the control, the value 

Fig. 3. Impact of air pollutant iMGLs cytokine expression and secretion. A) Differentially expressed cytokine and chemokine genes in A20 and A0 exposed 
iMGLs, presented as z-score for each row (n = 8 iPSC lines, in columns). B) MIP1α/CCL3, IL-8, IL-10, TNFα, and IL-6 measured from the medium after 24 h exposure. 
n = 3–4 (lines, symbols with black outline) with 3–4 technical replicates (wells, non-lined symbols). The data is presented as mean ± SD. Matched one-way ANOVA 
with Dunnettś multiple comparison test (FC-A vs. A20 or A0), or paired t-test used (FC-E vs. E6), p-value = *<0.05, ** <0.01.
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Fig. 4. Impact of air pollutant exposure on iMGLs mitochondrial respiration. The mitochondrial respiration of iMGLs after 24 h exposure was measured with 
Mito Stress assay. A and D) representative oxygen consumption rates (OCR) for each exposure, n = 1 line with 6–8 technical replicates (wells). B and E) mitochondrial 
parameters calculated from OCR. C and F) basal extracellular acidification rate (ECAR). n = 3 (iPSC lines, outlined symbols) calculated as average from 3 to 8 
technical replicates (wells, non-lined symbols). The data is presented as mean ± SD. Matched two-way ANOVA with Šidák multiple comparison test (B, E), paired 
one-way ANOVA with Dunnettś multiple comparison test (C) or paired t-test (F), p-value= *<0.05.
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remained at 100 %. In mouse microglia, the Lysoview540 intensity 
increased after two hours of exposure to 130–140 % in the control, and 
the intensity in A0 exposure was around 100–120 %, and in A20 around 
65–100 %.

As the intensity of Lysoview 540 is pH-dependent, we hypothesized 
that the reduction was due to changes in the lysosomal pH. To confirm 
this finding at a higher resolution, we utilized Lysoview 540 in combi
nation with Lysoview 488 and confocal imaging. Lysoview 488 accu
mulates in acidic intracellular organelles but the fluorescence is not pH- 
dependent and should be retained in the lysosome even upon changes in 
the pH. All the particle-exposed iMGLs showed positive staining of 
lysosomal structures as detected using Lysoview 488 (Fig. 5C, Supp. 
Fig. S6C). However, as we noticed previously, the fluorescence of 
Lysoview 540 decreased significantly upon exposure to A20 or A0. In E6- 
exposed iMGLs, both lysosomal dyes were visible. In all the exposures, 
we noticed that the lysosomes moved inside the cells during the imag
ing. Thus, quantification or co-localization analysis of the lysosomal 
structures was unreliable using this imaging setup.

2.8. Exposure to A20 and A0 dampen the phagocytosis and alter the 
cellular structure of iMGLs

As lysosomal dysfunction can impair the phagocytic capacity of 
iMGLs, we investigated if the phagocytosis of Zymosan-labelled pHrodo 
bioparticles was altered. After 24 h particle exposure, iMGLs were fed 
with bioparticles, and phagocytosis was observed with live-cell imaging 
for six hours (Fig. 6A). Clearance of bioparticles in the vicinity of iMGLs 
was observed in all the exposures and increasing cytosolic fluorescence 
of internalized pHrodo particles was detected (Fig. 6B–C, Supp. 
Fig. S6B). However, A20- and A0-exposed iMGLs showed significantly 
reduced fluorescence intensity. In line with the previous results, E6 did 

not cause any significant alterations in the phagocytosis of iMGLs.
Finally, we explored the impact of particle exposure on the overall 

intracellular structure of iMGLs with serial block face scanning electron 
microscopy. The iMGLs exhibited heterogeneity in the cellular structure 
(Fig. 6D,G, Supp. Fig. S8). In the filter controls, the iMGLs had a high 
number of translucent vacuole structures as well as smaller, darker ly
sosomes and elongated mitochondria (Fig. 6D,G). However, some cells 
were more electron-dense, and the cytoplasm appeared darker 
(Fig. 6Gi). In FC-A, located near the nucleus (N), we observed a bigger, 
gastrosome-like structure (G) (Villani et al., 2019). In the A20- and A0- 
exposed iMGLs, we observed a higher number of dark lysosomes and 
disruption in the vacuole structure (Fig. 6E–F). We did not observe 
similar major alterations in E6-exposed iMGLs and detected only slightly 
larger vacuole structures (Fig. 6H).

3. Material and methods

3.1. Study design

In vitro, a human induced pluripotent stem cell-derived model of 
human microglia (iMGLs) was used to study the impact of diesel-derived 
pollution on human microglia. All work followed the World Medical 
Association Declaration of Helsinki (World Medical Association, 2013), 
and national guidelines. The iPSC lines used in this study originate from 
clinically healthy individuals from more than one source. No extensive 
characterization of any neurodegeneration-associated risk factors has 
been carried out, but all the lines were APOE ε3 carriers. For the 
quantification of the functional testing, at least three technical replicates 
were used, and the assay was carried out with iMGLs differentiated from 
at least three different iPSC lines. Due to the limited availability of the 
pollutants, it was not possible to carry out more independent 

Fig. 5. Impact of pollutant exposure on iMGLs lysosomal function. The dynamics of lysosomal staining were measured with live-cell imaging upon acute 
exposure to pollutants. A) Workflow of the lysosomal assay. B) Representative curves of Lysoview fluorescence intensity upon time, n = 1 iPSC line, with 3–5 
technical replicates (wells). C) Quantified lysosome fluorescence intensity at 2 h after starting the exposure, data normalized to first timepoint (T0 = 100 %). The data 
is presented as mean ± SD. n = 4 (iPSC lines, outlined symbols) with 3–5 technical replicates (wells, non-lined symbols). Paired two-way ANOVA with Dunnett’s 
multiple comparison test, p-value=****<0.001 D) Representative confocal microscope images when the lysosomal staining was visualized with higher resolution 
after 2 h exposure. Lysoview 488 (green) is presented as turquoise for better visualization. Lysoview 540 is presented as orange. The experiment was repeated with 
iMGLs differentiated from two iPSC lines with similar results. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
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Fig. 6. Impact of pollutant exposure on iMGLs phagocytosis and cellular structure. Phagocytosis of pHrodo labeled bioparticles by iMGLs was measured after 
24 h exposure to pollutants. A) Workflow of the phagocytosis assay. B) representative time curve of phagocytosis for 6 h, n = 1 biological replicate, with 5–6 technical 
replicates (wells). C) Quantified phagocytosis after 6 h, n = 3–4 biological replicates (iPSC lines, lined symbols), with 4–12 technical replicates (wells, non-lined 
symbols), normalized to the corresponding control. The data is presented as mean ± SD. Matched one-way ANOVA with Dunnettś multiple comparison test or 
paired t-test. P-value= **<0.01, ****<0.0001. The ultrastructure of iMGLs after 24 h exposure was analyzed with serial block-face scanning electron microscopy. D- 
H) Representative electron micrographs of exposed iMGLs. The experiment was carried out with one genotype (BC2).
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replications of the assays. To evaluate the species difference between 
mouse and human microglia, the most prominent assays were replicated 
in mouse primary microglia.

The exposure of iMGLs to diesel-derived pollutants was carried out 
by introducing the pollutants directly into the culture medium. As a 
control, a corresponding volume of DMSO (solvent control) or filter 
control was added to the medium. If appropriate, positive and negative 
controls were used in the assays and they are described within each 
assay section. This 2D cellular model of human microglia has a short 
period for functional testing in vitro and thus, is not suitable for long- 
term exposure with low exposure dose. Due to this, short and high- 
dose exposure have been used to bring forth possible impact which 
can be studied further in more suitable models.

3.2. Particle collection and characterization

In this study, we used three diesel-derived pollutant particles, named 
A20, A0 and E6. The particles were collected at VTT Technical Research 
Centre of Finland Ltd. and analyzed and characterized previously 
(Hakkarainen et al., 2023; Mussalo et al., 2023; Saarikoski et al., 2024). 
Briefly: A0 and A20 particles were collected from the exhaust of a heavy- 
duty diesel engine, which was a modern 4-cylinder 4.4 dm3 turbo
charged diesel unit equipped with high-pressure common-rail fuel in
jection without any exhaust after-treatment device. E6 was collected 
from the exhaust of a 2019 model diesel car, with a 1.6 dm3 turbo
charged engine and Euro 6d-TEMP emission rating and Diesel Particu
late Filter (DPF) and Selective Catalytic Reduction (SCR) after-treatment 
device.

For A20, the engine was run with regular petroleum diesel, which 
meets the EN590 specifications and with an aromatic content of 20 wt-% 
and fatty acid methyl ester (FAME) content <0.1 vol-%. A0 was 
collected from paraffinic renewable diesel (Neste renewable diesel, 
made from feedstocks) with an aromatic content of 0.1 % and FAME 
content <0.1 %. In addition, the same renewable diesel was used for the 
modern diesel car (E6). Both fuels were provided by Neste Oyj (Espoo, 
Finland). The engine (for A20 and A0) was run on an electrical dyna
mometer according to the ISO 8178 RMC-C1 test cycle. The car (for E6) 
was driven on a light-duty chassis dynamometer according to the 
Worldwide Harmonized Light Duty Test Cycle (WLTC).

For the A20 and A0, the particles were collected from the exhaust 
with a diluting sampling system (SPC472 Smart Sampler, AVL List 
GmbH, Graz, Austria) according to the ISO 8178 standard. For E6, raw 
exhaust from the car was a Constant Volume Sampler (CVS)-type dilu
tion tunnel. In all cases, particles were collected on a fluorocarbon 
membrane filter (Fluoropore, Merck KGaA, Darmstadt, Germany), 
which were methanol-washed, dried, and weighed. After exhaust 
collection, to determine the particle mass, filters were weighed again 
and stored at − 20 ◦C until extraction of the particles.

3.3. Particle composition

The particle composition of the pollutants has been previously 
described (Hakkarainen et al., 2023; Mussalo et al., 2023; Saarikoski 
et al., 2024). To summarize: commonly used characterization of the 
content of metals, polycyclic aromatic hydrocarbons (PAH), and carbon 
in the particulate matter was done and the main findings are summa
rized in (Table 1). A20 and A0 contained a significantly higher number 
of particles compared to E6. The size of the particles was in the range of 
ultrafine particles (<100 nm) in all used pollutants.

3.4. Particle extraction

Particles were extracted from the filters by placing the cut filters 
inside a glass tube containing methanol followed by 30 min sonication 
(temperature <30 ◦C). Methanol was partly evaporated with a rotary 
evaporator (35 ◦C, 150 mbar). The rest of the methanol/particle sus
pension was transferred to a 15 mL glass vial and the rest of the meth
anol was evaporated with nitrogen flow. The dry particle samples were 
stored at − 20 ◦C until reconstitution. The same procedure was con
ducted for control filters without exposure to the diesel exhaust to 
produce filter controls (FC-A, FC-E).

3.5. Particle reconstitution for exposures

For the pollutant preparation, particles were brought to room tem
perature for 30 min before suspension to 10 % DMSO (Sigma-Aldrich) in 
sterile H2O (Baxter). First, DMSO was added to the vials, which were 
mixed by vortexing and followed by sonication for 10 min (SilverCrest, 
Ultrasonic cleaner, 50 W, 50 Hz). Sterile H2O was added, and the par
ticles were gently suspended in the DMSO/H2O solution with sterile and 
methanol-washed glass rods followed by 20 min of sonication. Prepared 
pollutants were aliquoted to polystyrene tubes and stored at +4 ◦C (2–5 
days) or − 20 ◦C. Particles were sonicated for 5 min after storage before 
vortexing and mixing with the culture medium. Filter controls (FC-A, 
FC-E) as well as solvent control (10 % DMSO in H2O) were prepared at 
the same time.

3.6. Extraction and use of mouse primary microglia

C57BL/6J mice from the central animal laboratory at the University 
of Groningen were housed and handled according to Dutch standards 
and guidelines (Protocol 2215899–01-002). All experiments were 
approved by the University of Groningen Committee for Animal 
Experimentation. Primary microglia cultures were prepared from 0 to 3- 
day-old C57BL/6 pups as previously described (Dolga et al., 2012; 
Sabogal-Guáqueta et al., 2023). Briefly, brains from the pups were 
dissected, minced, and dissociated with 0.25 % Trypsin and DNAse for 

Table 1 
Summary of diesel exhaust components. The most common components present in diesel exhaust analyzed (Hakkarainen et al., 2023; Mussalo et al., 2023; 
Saarikoski et al., 2024).

A20 A0 E6

Summary Heavy-duty diesel engine, petroleum diesel (EN590) Heavy-duty diesel engine, renewable diesel (EN15940) 2019 diesel car with aftertreatment 
system, 
renewable diesel (EN15940)

Size <100 nm <100 nm <100 nm
PAH (major 

components)
pyrene, chrysene, phenanthrene, 1-methyl 
phenanthrene, fluoranthene*

pyrene, chrysene, fluoranthene, benz[a]anthracene, 
benzo[b]fluoranthene*

No PAHs detected

Metals 
(highest to lowest)

Na, Ca, Ni, P, Zn, B, Cr 
**

Ni, Ca, P, B, Zn, Cr 
**

No metals detected

Carbon Black carbon, 
elemental carbon

Black carbon, 
elemental carbon

No black carbon

Anions (SO4, NO3, Cl, Br, F) below the detection limit
* 20 PAHs detected out of 24 PAHs analysed.
** Below the detection limit: Hg, Ag, Al, As, Ba, Be, Br, Cd, Co, Cu, K, Li, Mg, Mn, Mo, Pb, Rb, Sb, Se, Sn, Sr, Th, Tl, U, V.
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25 min. The obtained cells were cultured in Dulbecco’s modified Eagle 
containing (DMEM, Gibco, 42430025), supplemented with 10 % fetal 
bovine serum (FBS, Hyclone, SV30160), 1 mM Sodium Pyruvate (Gibco, 
11360070), and 100 U/mL P/S (ThermoFisher, 15070063) at 37 ◦C and 
5 % CO2. After 48 h of in vitro cultivation, the flasks were rinsed with 3 
mL of fresh medium and the growth medium was completely replaced by 
fresh medium. After 10–14 days, microglia were lifted in the culture 
medium by mechanically shaking the flasks for 60 min, at 150 rpm. 
Collected microglia were subcultured into uncoated well plates as per 
experimental requirements. The cells were maintained in a mix of 50 % 
astrocyte-conditioned medium and 50 % fresh DMEM, supplemented 
with 10 % FBS and 100 U/mL P/S. Primary microglial cells from 1st to 
3rd passage were used for all the experiments.

3.7. Use and maintenance of human induced pluripotent stem cells 
(iPSCs)

Human iPSC lines used in this study are listed in Table 2. Informed 
consent was obtained from all the donors. All experiments with iPSCs 
and iPSC-derived cells were performed by the Declaration of Helsinki 
(World Medical Association, 2013), with permission from the Research 
Ethics Committee of the Northern Savo Hospital District (license no. 
123/2016). Lines were generated upon approval from the human 
research ethics committees of the Royal Victorian Eye and Ear Hospital 
(11/1031H), University of Melbourne (1545394), University of Tas
mania (H0014124), with the requirements of the National Health & 
Medical Research Council of Australia (MBE2968, MBE290), or upon 
approval of approval from the committee on Research Ethics of Northern 
Savo Hospital District (license no. 123/2016) (MAD1, MAD6, MAD8, 
CTRL8.2, LL190). BIONi037-A (RRID:CVCL_II80, Biosample ID: 
SAMEA104026330) and BIONi010-C-2 (RRID:CVCL_II81, Biosample ID: 
SAMEA4342705) lines were purchased for research use from the Euro
pean Bank for Induced pluripotent stem cells (EBiSC).

iPSC cultures were maintained at +37 ◦C, 5 % CO2 with atmospheric 
oxygen in a humified incubator, in complete Essential 8 − medium (E8, 
Gibco) supplemented with 0.5 % P/S (v/v, Gibco) on Matrigel-coated 
(Corning) dishes. The medium was changed daily, and the cells were 
passaged twice per week with 0.5 mM EDTA, supplementing the me
dium with 5 µM ROCK inhibitor (Selleckchem, S1049) for the first day. 
For the differentiation into iMGLs, the iPSCs were split three days before 
to acquire 50–70 % confluency on the D0. The cultures were tested 
negative for mycoplasma with Mycoalert (Lonza) before starting any 
differentiation.

3.8. Differentiation of iMGLs

Microglia-like cells were differentiated with our previously 

published protocol, a three-week protocol (Konttinen et al., 2019) with 
minor modifications. Briefly: on D0, differentiation was started from 
single-cell suspension of iPSC, which were plated on Matrigel-coated 
(Corning) dishes in E8 + P/S medium containing BMP4, Activin A 
(both Peprotech), CHIR 99021 (Axon) and ROCK and placed in hypoxic 
condition to induce mesodermal differentiation. The fresh medium was 
changed within 24 h. For D2-D8, in-house made base medium con
taining Glutamax, P/S (both Gibco), ascorbic acid, sodium selenite (both 
Sigma), and sodium bicarbonate (Gibco) in DMEM/F-12 (Gibco) was 
used. On D2-D3, the base medium was supplemented with FGF, VEGF 
(both Peprotech), insulin (Sigma) and SB431542 (Selleckchem). On D4, 
the cells were transferred to normoxia in a base medium supplemented 
with FGF, VEGF, TPO, SCF, IL-3, IL-6 (all Peprotech), and insulin and 
maintained with daily medium changes until D8. Floating progenitors 
were collected on D8 and seeded on ultra-low attachment culture vessels 
(Corning) in medium containing IL-34, MCSF (both Peprotech), and 
insulin in base-medium composed of IMDM, in-house heat-inactivated 
FBS (iFBS) and P/S (all Gibco). For the rest of the differentiation, IMDM, 
iFBS, and P/S containing medium was supplemented with only IL-34 
and MCSF. At D16, the cells were seeded on experiment plates and let 
to mature until experiments with half medium changed every day. Ex
periments were conducted between D20-D24. Details on the cell density 
and plate formats are listed in Table 3.

3.9. Evaluation of pollutant exposure to cell viability (multiple 
concentrations)

To investigate if the pollutants are cytotoxic for the iMGLs, the 
cytotoxicity of different concentrations of the pollutants was evaluated. 
For A0, tested concentrations were 26.5, 66.25, 132.5, and 265 µg/mL. 
To collect 1 mg of A0, 558 L of exhaust was run through the collection 
filter (Mussalo et al., 2024). Thus, these A0 concentrations correspond to 
15, 37, 74, and 148 L/mL as a dose of emission volume. For A20, 17.9, 
44.75, 89.5, 179 µg/mL. For A20, to collect 1 mg of particles, 337 L of 
exhaust was run through the filter. These A20 correspond to 7, 17, 34, 
and 67 L/mL. As E6 did not contain a comparable mass of particles, the 
exhaust amount was calculated as the volume of exhaust run through the 
filter. For cytotoxicity testing, 12.5, 25, 50, 100, and 125 L of exhaust/ 
mL (L/mL) were used. Controls consisted of corresponding concentra
tions of DMSO (Table 4.) In addition, one concentration of filter control 
(FC-A) was used. To induce certain cell death, iMGLs were exposed to a 
high concentration of DMSO (50 %).

Live-cell cytotoxicity measurement: To assess the cytotoxicity of the 
pollutant exposure over time, Cytotox Green (4633, Essen Bioscience 
Ltd., United Kingdom) and live-cell imaging platform, Incucyte® S3 
(Sartorius, Essen BioScience) were used according to manufacturerś 
instructions. Pollutants or controls were administered to cells in a 

Table 2 
iPSC lines used in this study. Abb. = abbreviation, F = female, M = male, KO = knock-out, only one functional APOE allele, RNAseq = used in RNA sequencing, Func. 
= used in the functional testing.

Name Abb. F/M Age APOE Karyotype Experiments Reference

MAD1 
clone 7

M1 M 67 y 3/3 46 XY RNAseq, 
Func.

(Jäntti et al., 2022)

MAD6 
clone 1

M6 M 63 y 3/3 46 XY RNAseq, 
Func.

(Fagerlund et al., 2021)

MAD8 
clone 1

M8 M 64 y 3/3 46 XY RNAseq, 
Func.

(Jäntti et al., 2022)

MBE2960 clone 1 MB60 M 78 y 3/3 46 XY RNAseq (Muñoz et al., 2020)
MBE2968 clone 1 MB68 F 65 y 3/3 46 XX RNAseq (Jäntti et al., 2022)
LL190 

clone 1.5
LL F 44 y 3/3 46 XX RNAseq (Oksanen et al., 2017)

CTRL8.2 CTRL F Adult 3/3 46 XX RNAseq (Holmqvist et al., 2016)
BIONi037-A BA F 77 y 3/3 46 XX RNAseq (Nimsanor et al., 2016)*
BIONi010- 

C-2
BC2 M 18 y 3/KO 46 XY, 

duplication of 1,4Mbp on Chr22 in q11.23
Func. (Schmid et al., 2020, 2019)*

* Distributed by European Bank for induced pluripotent Stem Cells (EBiSC), https://ebisc.org/.
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medium containing a 1:4000 dilution of Cytotox Green. Cells were 
immediately imaged with IncuCyte S3 (Sartorius), with 10X objective, 
phase, and green channels with default settings. The plate was imaged 
every 3 h, two images per well for at least 24 h. To estimate the cyto
toxicity, the green fluorescence signal coming from nuclei of cells with 
disrupted cell membranes was analyzed with Incucyte® S3 with surface- 
fit segmentation. As pollutant particles might cause autofluorescence, 
the localization of the fluorescence in nuclei was estimated with the help 
of phase images. Confluency was measured with AI confluence mode.

Metabolic activity (MTT-assay): The end-point impact of multiple 
pollutant concentrations on the metabolic activity was evaluated with a 
colorimetric MTT-assay. iMGLs were seeded on a 96-well plate (15,000 

cells/well). iMGLs were exposed for 60 h for A0 and A20 in the normal 
microglial medium. After the exposure period, 3-(4,5-dimethylthiazol-2- 
yl)-2,5-diphenyltetrazolium bromide MTT-reagent (Sigma) was added 
to cells in a final concentration of 0.5 mg/mL, and incubated with the 
reagent for 4 h, at + 37 ◦C, 5 % CO2. As a control, cell death was induced 
with 1 % Triton-X. The cellular conversion of the MTT-reagent to purple 
formazan was detected under a light microscope. The medium was 
removed, and cells were solubilized with DMSO (Sigma) overnight, RT. 
Absorbance was measured with a Victor Wallac plate reader, at 595 nm. 
The absorbance readings were background corrected, and the metabolic 
activity was calculated as fold-change over untreated (medium) iMGLs 
activity.

We noticed that iMGLs survival would decrease if no fresh media was 
added every 24 h (Jäntti et al., 2024). Due to this and the limited 
availability of the pollutants, the exposure time was decreased to 24 h 
for cytotoxicity testing of E6 and the following assays.

3.10. Cytotoxicity assay for the final exposure concentration

One concentration of pollutants was selected for further testing. To 
eliminate the effect caused by different DMSO concentrations as a sol
vent, the stock concentration of the pollutants or filter controls was 
equalized to 2,000 L/mL. The test concentration of the pollutants and 
filter control was set to 50 L/mL (dilution factor 40). As a mass, this 
corresponds to the final exposure concentration for A0 as 90 µg/mL and 
for A20 as 132.5 µg/mL. The final DMSO concentration was 0.25 %. To 
confirm that this concentration is not cytotoxic, the impact on cellular 
metabolic activity was measured with MTT as above but using 10 % 
DMSO as a positive control for cell death. In addition, a lactate dehy
drogenase (LDH) release assay was used.

Release of LDH: possible disruption of the cell membrane due to 
pollutant exposure was assessed by the release of lactate dehydrogenase 
(LDH) using CyQUANT™ LDH Cytotoxicity Assay Kit (C20301, Invi
trogen) according to manufacturer’s instructions. The maximal cell lysis 
and acute release of LDH was induced by adding Triton-X-100 to 1 % 
final concentration to a quadruplicate set of wells for 5 min before 
starting the medium collection. The released LDH catalyzed enzymatic 
reactions and led to a reduction of tetrazolium salt to red formazan. The 
absorbance of red formazan was measured at 490 nm. For background 
correction, absorbance was measured at 650 nm. The percentage of LDH 
release was compared to absolute cell lysis induced by Triton-X-100.

3.11. Osmolality and pH of pollutant exposure

The pH of the exposure mixture was determined to be 7.4 with pH 
paper (109543, Millipore). The osmolality was determined to be be
tween 332 to 348 mOsm (Pharming O4 EQ-ANL-03A-006 osmometer) as 
normal culture medium was 275 mOsm. As also medium containing the 
solvent control (10 % DMSO in H2O diluted to a final concentration of 
0.25 % DMSO) was 337 mOsm, we concluded that the osmolality change 
was due to DMSO/ H2O addition.

3.12. Immunocytochemistry for microglial markers

For immunostaining, iMGLs were seeded on a 96-well Ibidi plate, in a 
density of 25,000 cells/well. Microglia were exposed to pollutants for 
24 h and fixed with pre-warmed, in-house made 4 % Paraformaldehyde 
(PFA) for 20 min, RT. After washing thrice with PBS, the iMGLs were 
permeabilized with 0.5 % Tween, 0.2 % Triton in 5 % normal goat serum 
(NGS) in PBS for 20 min followed by 2 h blocking with 0.2 % Triton in 
10 % NGS in RT. The primary antibodies were added in 0.2 % Triton in 5 
% NGS and incubated overnight, at +4 ◦C. The following dilutions of 
antibodies were used: 1:100 for IBA1 (019–19741, Wako), PU.1 (2266S, 
Cell Signalling technology), and TMEM119 (ab185333, Abcam), and 
dilution 1:125 was used for P2RY12 (HPA014518, Sigma-Aldrich). 
Negative control was incubated without primary antibody. The excess 

Table 3 
Details of the used iMGLs cell densities and exposure volumes per each 
assay. Cv = coverslip.

Assay Format Cells per 
vessel

Exp. 
volume 
(µL)

Area 
(cm2)

Notes

24 h exposure
Cytotox 96-well plate 15,000 100 0.32 ​
MTT and LDH 

assay
96-well plate 
48 
-well plate

15,000 
30,000

100 
250

0.32 
1.1

​

Immunocyto- 
chemistry

96-well Ibidi 25,000 200 0.56 ​

Ca2+ imaging 6 mm 
coverslip 
on a 3.5 cm 
dish

6,000 2,000 
(per dish) 
64 (per 
cv)

8.8 
(dish) 
0.28 
(cv)

​

RNAseq 6 cm dish 1,000,000 4,000 21.5 ​
Mito Stress 96-well 

(XFe96 plate, 
Agilent)

50,000 150 0.114 ​

Phagocytosis/ 
Cytokine

96-well plate 
(ImageLock, 
Sartorius)

15,000 100 0.32 without 
iFBS

Electron 
microscopy

6 mm 
coverslip 
on 12-well 
plate

6,000 750 (per 
well) 
60 (per 
cv)

3.5 
(well) 
0.28 
(cv)

​

Acute exposure
Scratch 

wound
96-well plate 
(ImageLock, 
Sartorius)

30,000 100 0.32 ​

Lysoview 96-well plate 
(Nunclon, 
Thermo)

15,000 100 0.32 ​

Table 4 
Summary of the pollutant and DMSO (solvent control) concentrations 
tested for cytotoxicity assays. NA = not applicable.

Pollutant dose Final DMSO (%)

µg/ 
mL

L/ 
mL

For live-cell cytotoxicity 
assay

For MTT 
assay

A20 17.9 7 0.13 0.13
44.8 17 0.13 0.13
89.5 34 0.53 0.53
179 67 0.53 0.53

A0 26.5 15 0.13 0.13
66.3 37 0.13 0.13
132.5 74 0.53 0.53
265 148 0.53 0.53

Filter control NA NA 0.13 0.13
E6 NA 12.5 0.2 0.1

NA 25 0.2 0.2
NA 50 0.4 0.4
NA 100 1.0 0.8
NA 125 1.0 1.0

Positive 
control

− − 50 50

Medium − − ​ −
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primary antibody was washed thrice, and the secondary antibody (Alexa 
Fluor™ 568, A-11011, Invitrogen) was incubated at 1:500 dilution 
overnight +4 ◦C. The secondary antibody was washed three times with 
PBS and the nuclei were counterstained with bizbenzimide for 5 min 
during the last wash. The samples were kept at +4 ◦C and filled with PBS 
until imaging. Staining was visualized with LSM700, AxioObserver (Carl 
Zeiss Microimaging GmbH, Jena, Germany) confocal microscope using 
EC Plan-Neofluar 10x/0.30 M27 objective, with 405/435 nm (blue) 
laser for nuclei, 555/573 nm (red) for marker staining. Z-stack images 
were acquired with 2 µm intervals. The maximum intensity projection in 
Zen Black (Carl Zeizz) was used to compose the stack images.

3.13. Intracellular Ca2+ − imaging

The impact of pollutants on intracellular Ca2+ − signaling was 
investigated using a Ca2+-sensitive Fluo-4 dye (F10471, Invitrogen). 
iMGLs were seeded on 6 mm coverslips, 6,000 cells/coverslip. iMGLs 
were exposed to pollutants for 24 h. The Ca2+ − imaging was performed 
as described previously (Konttinen et al., 2019). Shortly: after pollutants 
exposure, the iMGLs were loaded with Fluo-4 dye for 30 min at +37 ◦C 
followed by washing with a basic solution. The intracellular Ca2+ re
sponses to 5 sec application of 100 µM ATP or ADP (Sigma) were 
measured with the TILL photonics imaging system (TILL Photonics 
GmbH, Germany). Fluorescence of the Fluo-4 (monochromatic light 
495/506 nm) was visualized with a 10X objective in an Olympus IX-70 
microscope (Tokyo, Japan) with CCD camera (SensiCam, PCO imaging, 
Kelheim, Germany). Exposure time was set to 100 ms and one frame per 
second was acquired. The amplitude of Ca2+ transients caused by ATP or 
ADP application was calculated by normalizing the peak amplitude to 
baseline. The data was pre-analyzed using ImageJ (Rasband, W.S., 
ImageJ, U.S.National Institutes of Health, Bethesda, Maryland, USA, 
https://imagej.nih.gov/ij/), and results were obtained via Origin 2019b 
(OriginLab, Northampton, Massachusetts, USA).

3.14. RNA extraction and sample preparation for sequencing

For RNA collectiin, iMGLs were seeded on 6 cm dishes, 1 million 
cells/dish. iMGLs were exposed to pollutants for 24 h. As a positive 
control, iMGLs were stimulated with 20 ng/mL LPS (serotype 0111:B4, 
L2630, Sigma-Aldrich) to induce a strong inflammatory response. In 
addition, 0.25 % DMSO was used as solvent control. After exposure, cells 
were washed with ice-cold PBS twice and the dry plates were immedi
ately placed on dry ice. The cells were collected using Trizol Reagent 
(Invitrogen #15596018) and stored at − 70 ◦C until RNA extraction.

The RNA was extracted according to the Trizol Reagent extraction 
protocol. Briefly: 0.2 mL of chloroform was mixed with the sample and 
incubated 5 min RT followed by centrifugation (15 min, 13,000 × g, 
+4 ◦C). The colorless upper aqueous phase containing the RNA was 
collected. To precipitate the RNA, 0.5 mL of isopropanol was added 
followed by mixing and incubation for 10 min, RT. Samples were 
centrifuged (10 min, 13,000 × g, +4 ◦C). The supernatant was dis
carded, and the RNA was washed twice with 75 % ethanol with 
centrifugation (5 min, 7,500 × g, +4 ◦C) in between. The supernatant 
was removed, and samples were air-dried. Pellets were suspended to 40 
µL of nuclease-free H2O with 1 µL of RiboLock RNase Inhibitor (Thermo 
Scientific). RNA concentration was measured with NanoDrop (Thermo 
Fisher Scientific, Hudson, NH). The RNA samples were purified using an 
RNA clean and concentrator kit (Zymo Research, Irvine, CA, USA) with 
DNAse treatment before the column purification according to the 
manufacturer’s instructions. The RNA integrity (RIN-value) was 
measured using an RNA Nano 6000 − kit and Bioanalyzer 2100 (both 
Agilent, Santa Clara, CA, USA). All the samples had RIN-values above 6, 
and most samples >8.

In addition, RNA was extracted from mouse primary microglia 
exposed to A20, A0, or 0.25 % DMSO (as a vehicle) for 24 h. The mouse 
microglia were seeded on a 6-well plate with a density of 450 000 cells/ 

well and cultivated for 48 h before exposure and RNA samples were 
collected similarly as iMGLs samples.

3.15. RNAseq library preparation

For RNA samples from iMGLs, RNA concentrations were determined 
utilizing the Qubit™ 4 fluorometer (Invitrogen) and Qubit™ RNA HS kit 
(Thermo Fisher Scientific). The removal of ribosomal RNA was accom
plished using the NEBNext® rRNA Depletion Kit v2 (Human/Mouse/ 
Rat) (New England BioLabs, Ipswich, MA, USA). cDNA libraries were 
prepared employing the NEBNext® Ultra™ II Directional RNA Library 
Prep Kit for Illumina® (New England BioLabs). Purification and size- 
selection steps were performed with SPRi beads (Beckman Coulter 
Inc). Libraries were quantified using a high-sensitivity dsDNA Kit 
(Thermo Fisher Scientific) on a Qubit fluorometer (Invitrogen). A 
Fragment Analyzer and High Sensitivity NGS Fragment Analysis Kit 
(1–6000 bp) (both Agilent) were employed to assess the fragment size 
distribution of the libraries. Finally, the libraries were sequenced (2 ×
100 cycles, paired-end) on the Illumina NovaSeq 6000 platform using 
NovaSeq 6000 S1 Reagent Kit v1.5 (200 cycles) (Illumina, San Diego, 
CA, USA).

The RNA samples from primary mouse microglia were sequenced at 
Biomarker Technologies (BMKGENE, Germany). Samples were prepared 
using Illumina Stranded mRNA-Seq (polyA enriched, strand-specific li
brary) and libraries were sequenced (PE150 sequencing strategy, 25 M 
reads) using NovaSeq × Plus (Illumina).

3.16. RNAseq data analysis

RNAseq analysis was carried out as published previously (Ohtonen 
et al., 2023). Reads were aligned to the human reference genome 
GRCh38 (human iMGLs) or mouse reference genome GRCm39 (mouse 
primary microglia). For quality control, the features of the samples were 
investigated with unsupervised clustering (Gu et al., 2021) and simi
larity analysis and multi-dimensional scaling analysis based on the 
measure developed in StellarPath (Giudice et al., 2024). No batch effect 
was observed in the data. Cell-type specific marker signatures were 
collected from PanglaoDB (Franzén et al., 2019). Differential expression 
analysis was performed using limma and edgeR workflow (Law et al., 
2018). Functional enrichment analysis of differentially expressed genes 
was analyzed with QIAGEN Ingenuity Pathway Analysis (IPA, QIAGEN 
Inc., https://digitalinsights.qiagen.com/IPA) with default parameters 
and human annotation (Krämer et al., 2014).

3.17. iMGLs functional testing

For the functional testing, the live-cell imaging instrument, Incu
cyte® S3 (Sartorius, Essen BioScience Ltd., United Kingdom) with soft
ware versions 2021C and 2022B was used. Images were acquired with 
default settings if not stated otherwise.

3.18. Phagocytosis assay

For the phagocytosis assay, iMGLs were seeded on ImageLock-plate 
(BA-04856, Sartorius), 15,000 cells/well. The iMGLs were exposed to 
pollutants for 24 h. For the assay and exposure, iFBS was omitted from 
the medium. The pHrodo™ Green Zymosan BioParticles™ (P35365, 
Invitrogen) were suspended in OPTI-MEM (31985047, Gibco) and son
icated for 5 min. Before adding the bioparticles, the plate was imaged 
once with Incucyte® S3 to measure the confluence in each well. 75 µL of 
medium was collected from the cells and bioparticles were added to (6.7 
µg of bioparticles/well). Immediately, the plate was placed back to 
IncuCyte and imaging started. The plate was imaged with 10X objective, 
with phase and green channels with default settings, 1 image/well. 
Phagocytosis was assessed for 6 h, image was taken every 30 min. For 
each pollutant treatment, only OPTI-MEM without bioparticles was 
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added for controlling the background in analysis. The fluorescence 
produced from internalized bioparticles was quantified with Incucyte® 
S3 Software using the surface-fit fluorescence segmentation program. 
The green calibrated units for each well were normalized to cell con
fluency before the addition of the bioparticles.

3.19. Cytokine expression and release

The RNAseq data was used to assess the expression of cytokine and 
chemokine genes. For visualization, the log2CPM values of significantly 
differentially expressed cytokine and chemokine genes were trans
formed to z-score. To study the release and secretion of the cytokines 
into the culture medium, iMGLs were exposed to particles for 24 h in a 
medium without serum with 15,000 cells/well in a 96-well plate. In 
addition, each pollutant mixture was added to wells without cells to 
assess if the pollutants cause any background. The medium was 
collected and centrifuged (1,200 g, for 5 min). The medium samples 
from six wells were pooled and transferred immediately to storage at 
− 70 ◦C.

The cytokine and chemokine concentrations in the medium samples 
were measured with BD™ Cytometric Bead Array (CBA) Human Soluble 
Protein Master Buffer Kit (BD Biosciences). The CBA assay was per
formed according to the manufacturerś instructions. Following bead 
array flex sets were used (all BD Biosciences): TNFα (position C4), IL-8 
(position A9), IL-10 (position B7), IL-1β (position B4), MIP-1α (posi
tion B9) and IL-6 (position A7). Standards and undiluted samples were 
pipetted in a round-bottom 96-well plate and incubated with 75X di
lutions with bead mixture followed by 75X dilution of detection mixture. 
Four technical replicates were used for each sample. After washing, 
samples were run on Cytoflex S (Beckman Coulter). A red laser (638 nm) 
was used for excitation and the bead clusters were detected with 660/20 
BP (APC channel) and 780/60 BP filters (APC-A750 channel). The re
porter PE was excited with a yellow laser (561 nm) and detected with 
filter 585/42 BP. At least 400 events for each bead population were 
recorded. The data was analyzed with FCAP array 2.0 (SoftFlow) and 
cytokine and chemokine concentrations were calculated from medium 
samples using the known standards. For normalization, the total protein 
concentration of the medium samples was measured using the Bradford- 
based protein assay (500–0006, Bio-Rad).

Background samples with only pollutants exhibited similar absor
bance values in protein measurement as the plain medium. For CBA, the 
PE fluorescence was at a similar level as the zero standard for each an
alyte (no detection of cytokines or chemokines in the sample). IL1β was 
only detected from the samples from one genotype (MAD6). TNFα was 
not detected in any samples from one genotype (MAD8). In the case of 
IL10, some pollutant-exposed samples were under the limit of detection 
(LOD). For statistical testing, these samples were given the value of LOD 
(specific for IL-10) divided by 2 (half of LOD).

3.20. Mitochondrial functions via Mito Stress test

The impact of the pollution on the mitochondrial respiration of 
iMGLs was measured with the Mito Stress assay (Agilent) according to 
the manufacturerś instructions. 50,000 iMGLs/well were seeded Sea
horse XFe96-well plate (XFe96 FluxPak, 102416–100, Agilent). The 
iMGLs were exposed to pollutants for 24 h. The XF assay medium pH 7.4 
(103575–100, Agilent) was supplemented with a final concentration of 
25 mM glucose (Sigma), 2 mM L-glutamine, and 1 mM sodium pyruvate 
(both Gibco). The Mito Stress assay was run according to the manufac
turer’s instructions. The oxygen consumption rate (OCR) was measured 
with the Seahorse XFe96 analyzer (Agilent) in response to injections of 
1. Oligomycin 2.) Carbonyl cyanide 4-(trifluoromethoxy)phenyl
hydrazone (FCCP) 3.) Rotenone and Antimycin A (all Sigma). The final 
concentration of the reagents on the cells was 1 µM. After the assay, the 
plate was washed once with PBS and the protein amount per well was 
measured with Pierce™ BCA Protein Assay Kit (Thermo Scientific) for 

normalization.
The data was analyzed with the XF Cell Mito Stress Test Report 

Generator (Agilent) according to the manufacturer’s instructions. Before 
analysis, the OCR for each well was checked. Technical replicate was 
excluded from the analysis if a response to any of the injections was 
missing or it produced negative OCR readings.

3.21. Scratch wound assay

Cells were seeded on ImageLock plate, 30,000 cells/well to obtain a 
confluent monolayer of cells. The layer of the cells was scratched with 
the Wound Maker (Sartorius, IncuCyte® Scratch Wound Assay) ac
cording to the manufacturerś instructions to create an even wound in the 
cell layer. Movement of iMGLs was assessed in the presence of the pol
lutants with or without 100 µM adenosine-diphosphate (ADP, Sigma). 
The plate was imaged every 30–60 min, 10X objective, and phase 
channel. The relative wound density (RWD) was used to estimate the 
movement of the iMGLs in the presence of the pollutants.

3.22. Lysosome functions

Cells were seeded on a 96-well Nunclon plate (Thermo Scientific), 
15,000 cells/well. The impact of particles on lysosomal dynamics was 
investigated with live-cell imaging. Lysosomal dye Lysoview 540 (1X, 
Biotium, 70061) was loaded in iMGLs according to the manufacturerś 
instructions in the microglial medium and incubated for 30 min, +37 ◦C, 
5 % CO2. The iMGLs were imaged with the IncuCyte S3, at 20 min 
timepoint for timepoint zero reading (T0). Treatments or pollutants were 
added to a final concentration of 50 L/mL. The plate was imaged every 2 
h, for 24 h, with 10X objective and phase and red fluorescent channels. 
The exposure time for the red channel was set to 450 ms. For negative 
control, 5 mM NH4Cl was included in the assay medium to increase 
lysosomal pH. For positive control, a medium without FBS was included 
to increase lysosomal staining via induction of autophagic processes. 
The fluorescence of the Lysoview located in acidic organelles was 
analyzed with surface fit-fluorescence segmentation. The fluorescence 
values (red calibrated unit, RCU) were normalized by setting T0 fluo
rescence to 100 %. For mouse primary microglia, cells were seeded in 
96-well plates with a density of 15,000 cells/well and cultured for 48 h. 
Similarly to iMGLs, cells were stained with 1X Lysoview 540 (Biotium) 
and lysosomal dynamics were imaged with live-cell imaging on IncuCyte 
S3. The primary microglia were exposed to A20 or A0, and 0.25 % DMSO 
was used as vehicle condition. The changes in Lysoview intensity were 
analyzed similarly to iMGLs.

For higher resolution imaging, the cells were seeded on a 96-well 
Ibidi plate, 25,000 cells/well. iMGLs were stained with Lysoview 488 
or Lysoview 540 (Biotium) or with a combination of both in OPTI-MEM 
(31985047, Gibco) and incubated 30 min, +37 ◦C, 5 % CO2. The air 
pollutants were added to wells and incubation was continued for 2 h. 
Staining was visualized with LSM800, AxioObserver (Carl Zeiss Micro
imaging GmbH, Jena, Germany) confocal microscope using Plan- 
Apochromat 40x/1.3 Oil DIC (UV) VIS-IR M27 objective, with 493/ 
517 nm (green) laser for Lysoview 488, 557/572 nm (orange) for 
Lysoview 540 staining. The microscope incubator was set to +37 ◦C and 
5 % CO2. Single-dye-stained controls were used for setting the laser and0 
gain. For z-stacks, images were acquired with 1 µm intervals. Turquoise 
color was used for Lysoview 488 and orange for Lysoview 540 for 
visualization. The brightness was adjusted in Zen Blue (Carl Zeizz) 
before the z-stacks were combined with maximum intensity projection 
in Zen Black (Carl Zeiss).

3.23. Serial block face scanning electron microscopy (SBF-SEM)

The impact of pollutants on intracellular structures was evaluated 
with 3D scanning electron microscopy. The iMGLs were seeded on 
coverslips, 6,000 cells/coverslips. IMGLs were exposed for 24 h to the 
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particles followed by fixation with 2.5 % glutaraldehyde, and 2.0 % 
paraformaldehyde (PFA) in 0.15 M cacodylate buffer supplemented 
with 2 mM CaCl2, pH 7.4 for 30 min in RT. Coverslips were washed and 
shipped in a storage buffer consisting of 2 % PFA in 0.15 M cacodylate 
buffer with 2 mM CaCl2, pH 7.4 for processing.

The samples were prepared using an adapted National Center for 
Microscopy and Imaging protocol (Boassa et al., 2022). The samples 
were postfixed in 2 % osmium tetroxide, and 1.5 % potassium ferrocy
anide in 0.1 M cacodylate buffer with 2 mM CaCl2 for 1 h on ice, fol
lowed by washing three times with H2O. Then samples were placed in 
freshly prepared 1 % thiocarbohydrazide solution for 10 min at RT, 
followed by washing. This was followed by 1 % osmium tetroxide for 30 
min and washing before placing the samples in 1 % uranyl acetate 
overnight at +4 ◦C. The next day, the samples were washed and followed 
by en bloc Walton’s lead aspartate staining (6.6 µg/mL of lead nitrate in 
0.03 M aspartic acid, pH = 5.5) for 30 min, at +60 ◦C. The samples were 
washed and followed by dehydration with increasing ethanol concen
trations: 50 %, 70 %, 96 %, 2x100%, 3 min each. The samples were 
finally dipped into ice-cold anhydrous acetone and embedded in Dur
cupan ACM resin by placing the samples in 1:1 acetone:Durcupan 
(without component C) mixture for 1 h, 100 % Durcupan (without C) for 
2 h, 100 % Durcupan (with C) for 2 h and baked in + 60 ◦C, for 48 h.

The samples were imaged with 3D Serial Block Face Scanning Elec
tron Microscopy using the Gatan 3View stage (Gatan, Pleasanton, CA, 
USA) on FEI Quanta 250 FEG scanning electron microscope (Thermo 
Fisher Scientific). The data was acquired with a voxel size of 15 × 15 ×
40 nm3 (X,Y,Z), with the voltage of 2.5 kV, spot size 3. The pressure was 
between 0.15 and 0.31 Torr according to sample stability. The images 
were processed and aligned in the Microscope Image Browser (Belevich 
et al., 2016) and processed in ImageJ (Rasband, W.S., ImageJ, U.S. 
National Institutes of Health, Bethesda, Maryland, USA, https://imagej. 
nih.gov/ij/).

3.24. Statistical analysis and data presentation

No power calculations were made as the amount of the pollutants 
was limited and this study had an explorative aim. The number of 
technical and biological replicates was selected according to our previ
ous experience. For RNAseq, the number of biological replicates (iPSC 
lines) was prioritized over technical replicates (wells). For sequencing 
analysis, detailed information is provided in the RNAseq analysis sec
tion. If quantified, for functional analysis, a minimum of 3 biological 
replicates and 3 technical replicates per line (wells) were used for 
quantification. Three lines included in the RNAseq were selected for 
functional studies. One line, which was not included in the RNAseq, was 
used in the MTT and LHD cytotoxicity evaluation and lysosome and 
phagocytosis assay.

For functional testing, as the number of technical and biological was 
small, testing of data normality was not reliable. The mean of the 
technical replicates was calculated to present the biological replicate. As 
an exception, Ca2+ − imaging was measured from single cells providing 
enough data points for evaluation of the normality. Ca2+ − response 
amplitude was non-normally distributed and thus, the median of the 
technical replicates was calculated to present the biological replicate.

The outliers were detected from the technical replicates with Grubb́s 
test (alpha = 0.05) if not stated otherwise. For the graphs of quantifi
cation, if the number of technical replicates was small (<30), both 
biological and technical replicates, and biological replicates were 
depicted to give a more transparent representation of the variability. 
The number of technical and biological replicates is given in the figure 
legends. The data was normalized to untreated (medium), vehicle 
treatment (corresponding filter-control), or zero timepoint (T0). Graph 
visualization and statistical testing were performed in GraphPad Prism 
10 (GraphPad Software, Boston, Massachusetts, USA, https://www.gra 
phpad.com). Paired or matched statistical testing was used to account 
for the measured parameters from the iMGLs differentiated from the 

same iPSC line. The statistical test used is defined in the figure legends. 
Exposures were compared to the corresponding filter or solvent control. 
When only one variable (exposure) was measured, one-way ANOVA 
with Šidák multiple correction or paired t-test was used. With two var
iables (exposure and timepoint), Two-way ANOVA with Šidák multiple 
correction was used. P-values less than 0.05 were considered significant.

4. Discussion

Even though the impact of air pollution on brain health is not well 
understood, exposure to air pollutants, such as traffic-related air pollu
tion, has been recognized as a risk factor for neurodegenerative diseases 
(Livingston et al., 2020). Microglia play an important role as the first 
line of immune defense in the brain, and pollutants threaten proper 
microglial functionality. Here, we investigated the direct and acute ef
fects of three different diesel exhaust-derived particles using an in vitro 
iMGL model. It was evident that DEP produced with older emission 
control technology resulted in considerable alterations at the tran
scriptional level and impaired lysosome and phagocytic functions of the 
iMGLs.

At the transcriptional level, exposure to A20 and A0 caused alter
ations in multiple cellular pathways. Both A20 and A0 contain black 
carbon and polycyclic aromatic hydrocarbons (PAHs) (Mussalo et al., 
2023), which can elicit a protective response in iMGLs to metabolize and 
remove the foreign compounds. RNAseq analysis suggested induction of 
stress response in iMGLs, such as activation of ferroptosis or pyroptosis 
pathways. Exposure to black carbon, the main component in A20 and A0 
(Hakkarainen et al., 2023), has been shown to induce genotoxic effects 
(Di Ianni et al., 2022) as well as PAHs are also known to be genotoxic 
and immunotoxic (Patel et al., 2020). PAHs and other environmental 
pollutants also activate cellular immune response through the activation 
of the aryl hydrocarbon receptor (AHR) signalling pathway (Lee et al., 
2015; Vogel et al., 2020), which was also evident in the A20 and A0 
exposed iMGLs. Compared to A20 and A0, the particle amount is 
negligible in E6, and it does not contain PAHs or black carbon. Due to 
this difference in the chemical properties of the particles, E6 did not 
induce similar transcriptional response in iMGLs.

Even though A20 and A0 exposed iMGLs showed stress response at 
the transcriptional level, the iMGLs were still responsive to ATP and ADP 
and showed no cytotoxicity. In addition, pathway analysis revealed 
activation of pattern-recognition receptors, TREM1 signaling, and toll- 
like receptor signaling. Microglia use these receptors to sense their 
environment and the presence of bacteria or other inflammation- 
inducing factors (Colonna, 2023; Fiebich et al., 2018; Li and Wu, 
2021). The variety of components in the particles can act as ligands for 
several membrane-receptors leading to microglial recognition and 
activation of intracellular signaling pathways. It has been shown that in 
cells from human olfactory mucosa, the same A20 and A0 particles 
induced alterations in genes associated with inflammation and xenobi
otic metabolism but also in olfactory signaling and epithelial barrier 
functions (Mussalo et al., 2023). In addition, E6 exposure elicited 
differentially expressed genes in the olfactory mucosa cells, in contrast 
to our findings in iMGLs. This highlights a microglia-specific response to 
these particles.

We observed increased expression of several cytokine and chemo
kine genes in response to exposure to A20 and A0. However, this effect 
was not replicated at the level of cytokine secretion but rather exhibited 
the opposite effect. LPS induced similar gene transcription of cytokines 
and chemokines, and we have previously reported that these iMGLs can 
also secrete e.g. IL-8, IL-6, IL-10, and TNFα in response to LPS (Jäntti 
et al., 2024; Konttinen et al., 2019; Ohtonen et al., 2023). Different types 
of air pollutants cause distinct changes in the secretion of microglial 
cytokines and chemokines, such as CCL3, IL-8, and IL-1β (Gómez-Budia 
et al., 2020). Microglia-cell lines have been shown to induce secretion of 
IL-6 and IL-8 in response to diesel particulates in a co-culture model of 
human brain cells (Kang et al., 2021). When cultured alone, microglial 
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cells exhibit different diesel particulate-induced cytokine secretion 
profiles compared to co-cultures with endothelial cells (Seo et al., 2023). 
Macrophages from pollutant particle-infested lymph nodes exhibit 
decreased cytokine expression (TNFα, INFα) (Ural et al., 2022). A20- 
and A0-exposure has been previously shown to decrease the secretion of 
IL-1β and TNFα in an air–liquid-interface co-culture model of human 
lung and monocytic cell lines (Hakkarainen et al., 2023). Taken 
together, A20 and A0 show a more immunosuppressive effect on cyto
kine secretion in our iMGLs. The intracellular membrane structures are 
involved in cytokine transport and secretion (Murray and Stow, 2014) 
and we detected alterations in the cellular ultrastructure upon A20- and 
A0-exposure. Disruption in the cellular vesicular system may explain the 
observed alterations.

The intracellular membrane structures are also linked with our most 
striking finding of decreased lysosomal and phagocytic function of 
iMGLs in response to A20 and A0 exposure. Lysosomal dysfunction is 
tightly linked with neurodegeneration (Udayar et al., 2022). Acidic and 
enzyme-packed lysosomes are a critical part of cellular autophagy as 
well as phagocytosis, especially in microglia. The phagocytic pathway is 
composed of the detection and internalization of the foreign particles, 
followed by the formation of an intracellular phagosome which is fused 
with the lysosome for final degradation (Inpanathan and Botelho, 2019). 
Lysosomes are also a part of cellular sensing of the digested molecules to 
modulate the cellular machinery. The sequencing data supports our 
findings as we observed inhibition of phagocytosis and autophagy 
pathways in both A20- and A0-exposed iMGLs. In addition, exposure to 
A20 led to activation of the CLEAR (Coordinated Lysosomal Expression 
and Regulation) pathway, which is activated through lysosomal storage 
(Sardiello et al., 2009). Our data is in line with the surprising general 
effect of different pollutants in impairing phago-lysosomal machinery: 
in a human monocytic cell line, exposure to particulate matter leads to 
reduced bioparticle phagocytosis (Ural et al., 2022) and diesel exposure 
to monocytic cells leads to reduced lysosomal staining (Cao et al., 2015). 
In T-cells, diesel particulate has been shown to induce autophagic block 
through an accumulation of autophagosome marker, LC3 II 
(Pierdominici et al., 2014). Our experimental setup hints that particle 
exposure impacts the pH of the phagocytic vesicles. The acidic envi
ronment ensures the optimal environment for lysosomal enzymatic ac
tivity and the pH is maintained with proton pumps (Mindell, 2012). For 
example, TMEM175 maintains the pH of the lysosomal lumen and ex
trudes protons to the cytosol in case of hyper-acidification of the lyso
somal lumen (Hu et al., 2022; Wu et al., 2023). The lysosomal 
membrane is also packed with a plethora of different ion channels, 
which counteract the increasing proton concentration in the lysosomal 
lumen (Riederer et al., 2022). DEPs can quickly accumulate in the ly
sosomes of microglia, and the presence of different chemicals in the 
diesel exhaust could disturb the sensitive lysosomal pumps and the 
lysosomal balance (Nie et al., 2024). Carbon black has been shown to 
reduce the lysosome acidification and induce membrane permeabiliza
tion in alveolar epithelial cells (Gao et al., 2023). Heavy metals have 
been linked to neurodegenerative diseases. Thus, especially the presence 
of the metals in the exhaust pose a risk for the microglia as the excess of 
metals can induce alterations in the lysosomal functions (Das et al., 
2025). For example, excess calcium can lead to lysosomal deacidifica
tion (Milani et al., 2023; Mustaly-Kalimi et al., 2022). However, the 
detailed mechanism of how DEPs alter lysosomes remains to be estab
lished. Further investigation with more delicate techniques, such as 
lysosomal patch clamp, could be used to elucidate the alterations in ion 
channel functions (Chen et al., 2017).

We investigated the human-specific response to the particles. Mouse 
models and microglia have been used to evaluate the effects of air 
pollution on microglia, and the use of animal models allows investiga
tion of inhaled pollutants in the complex brain environment (Gómez- 
Budia et al., 2020). However, recent studies have identified species- 
specific differences between human and mouse microglia, especially in 
their transcriptome, metabolism, and how they sense their environment 

(Abels et al., 2021; Galatro et al., 2017; Sabogal-Guáqueta et al., 2023). 
At the transcriptional level, A20 and especially A0 induced a more 
pronounced response in human iMGLs compared to primary mouse 
microglia. This is also replicated in the findings on the lysosomal assay; 
A20 and A0 lead to a reduction in the lysosomal functions. However, the 
effect was less pronounced in mouse microglia than it was in human 
iMGLs. This suggests that human iMGLs may be more sensitive to 
pollutant exposure, highlighting the importance of air pollution studies 
using human-derived models. For future directions, the mechanism of 
action behind the impaired lyso-phagocytic pathway should be studied 
more in detail and in a more complex environment, such as microglia 
containing neuronal organoids.

In this study, we concentrated only on the direct effect of particles on 
the inflammatory response in microglia. However, in a whole-body 
system, air pollution can damage the brain also via other pathways. 
Pollution particles entering the central nervous system can cause direct 
toxicity to neurons (Liu et al., 2023; Shkirkova et al., 2022) and activate 
other glial cells, such as astrocytes (Kang et al., 2021). Release of soluble 
factors (cytokines and chemokines) from pollutant-exposed astrocytes 
and endothelial cells can stimulate microglia and aggravate microglia- 
mediated neurotoxicity (Kang et al., 2021; Seo et al., 2023). Air pollu
tion can also cause indirect damage, such as eliciting systemic inflam
mation, oxidative stress, and damage to the blood–brain barrier (BBB) 
(Arias-Pérez et al., 2020; Calderón-Garcidueñas et al., 2008; Chen et al., 
2022). In mouse models, systemic inflammation has been linked to al
terations in microglial surveillance functions as well as interaction with 
the BBB, and increased pathophysiological changes (Cangalaya et al., 
2023; Guerrero-Carrasco et al., 2024; Haruwaka et al., 2019). Diesel 
exhaust can reduce microglial contact with the neuro-vasculature sys
tem (Greve et al., 2020), which in turn could exacerbate the BBB damage 
caused by pollution (Hartz et al., 2008; Seo et al., 2023). Thus, pollution- 
caused microglia dysfunction may aggravate the impact induced by the 
other mechanisms. However, all these pathways are interlinked, and the 
details remain still elusive. Understanding how air pollution or diesel 
exhaust particles impact different cell types gives deeper insight into the 
pathways on how air pollution can alter brain health.

The clear strength of this study is the comparison of three different 
DEPs prepared and tested in the same methodological setup using iMGLs 
differentiated from multiple iPSC lines. Many studies rely on in-house 
prepared pollutant stocks, and quite commonly, only one type of 
diesel pollutant is used (Gómez-Budia et al., 2020). This challenges the 
comparison of different types of pollutants. We observed clear and 
distinct cellular responses to different pollutants. Particles produced 
with older emission control technology caused alterations in the 
microglial transcriptome and impaired the lysosomal and phagocytotic 
function. In contrast, exposure to the modern alternative, E6, did not 
cause any alteration in the gene expression level and only minor alter
ations in motility and extracellular acidification rate (ECAR). The 
impact runs in parallel with the cleanliness of the pollutants; A20 has the 
highest particle amount and contains black carbon and PAHs; A0 has a 
similar composition but a lower particle amount. On the contrary, E6 is 
extremely clean and does not contain any black carbon or PAHs 
(Hakkarainen et al., 2023; Mussalo et al., 2023). PAHs, black carbon, 
and metals in the emissions have been recognized as health risks. In 
addition, it has also been suggested that, for example PAHs can have 
synergistic toxic effects (Albarano et al., 2023; Moore et al., 2018). The 
focus has been on reducing these in the emissions by improving diesel 
fuel quality as well development of different aftertreatment systems, 
such as particle filtration system (Pirjola et al., 2019; Razak et al., 2021; 
Saarikoski et al., 2024; Wang et al., 2019). This study pinpoints that 
advancements in engine, fuel, and emission aftertreatment technology 
reduce the detrimental effects of pollutants on microglial function. Our 
results show that the modern emission control technologies are effective 
in reducing both emissions and their adverse effects. In addition, by 
reducing the aromatic content of the fuels, impacts on the emissions 
could be achieved also in older vehicles or without aftertreatment 
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technologies, which would improve air quality and decrease the adverse 
effects by exhaust emissions also for the existing older fleet of vehicles.

To summarize, the current study shows clear alterations in the 
transcriptional level and phago-lysosomal pathway in a human micro
glia model in response to diesel emissions representing older technology 
without particle filtration. From the point-of-view of microglia and brain 
health, replacing older engine and emission technologies with modern 
alternatives, including the reduction of fuel aromatic content, could be 
considered less harmful. However, to obtain a more complete picture on 
how traffic-related air pollution impacts brain health, more research 
investigating the effect of particles from different engine and fuel 
technologies is needed.

4.1. Limitations of the study

We acknowledge some caveats in our study. We have utilized a quite 
immature in vitro model for microglia, and the used dosage was high 
with a short exposure time. Microglia are extremely sensitive to envi
ronmental cues and in this context, they lack their physiological envi
ronment. However, this is one of the first studies describing the pollutant 
effect on iMGLs. Simpler models are commonly used to reveal the 
possible alterations due to treatment or exposure, and it is not possible to 
carry out chronic exposures. We show clear dysfunction in the lyso
some/phagosome pathway, which could be studied further in microglia- 
containing neuronal organoids. This could explain further if the pol
lutants impact microglia similarly in biologically more relevant envi
ronments and if exposure leads to microglia-mediated alterations in 
neuronal functions.
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Malm, T., 2021. Microglia-like cells promote neuronal functions in cerebral 
organoids. Cells 11, 124. https://doi.org/10.3390/cells11010124.

Fiebich, B.L., Batista, C.R.A., Saliba, S.W., Yousif, N.M., de Oliveira, A.C.P., 2018. Role of 
microglia TLRs in neurodegeneration. Front. Cell. Neurosci. 12. https://doi.org/ 
10.3389/fncel.2018.00329.

Franzén, O., Gan, L.M., Björkegren, J.L.M., 2019. PanglaoDB: a web server for 
exploration of mouse and human single-cell RNA sequencing data. Database. 
https://doi.org/10.1093/database/baz046.

Galatro, T.F., Holtman, I.R., Lerario, A.M., Vainchtein, I.D., Brouwer, N., Sola, P.R., 
Veras, M.M., Pereira, T.F., Leite, R.E.P., Moller, T., Wes, P.D., Sogayar, M.C., 
Laman, J.D., den Dunnen, W., Pasqualucci, C.A., Oba-Shinjo, S.M., Boddeke, E.W.G. 
M., Marie, S.K.N., Eggen, B.J.L., 2017. Transcriptomic analysis of purified human 
cortical microglia reveals age-associated changes. Nat. Neurosci. 20, 1162–1171. 
https://doi.org/10.1038/nn.4597.

Gao, M., Ge, X., Li, Y., Zheng, G., Cai, J., Yao, J., Wang, T., Gao, Y., Yan, Y., Chen, Y., 
Pan, Y., Hu, P., 2023. Lysosomal dysfunction in carbon black-induced lung disorders. 
Sci. Total Environ. 905. https://doi.org/10.1016/j.scitotenv.2023.167200.

Gawryluk, J.R., Polombo, D.J., Curran, J., Parker, A., Carlsten, C., 2023. Brief diesel 
exhaust exposure acutely impairs functional brain connectivity in humans: a 
randomized controlled crossover study. Environ. Health 22. https://doi.org/ 
10.1186/s12940-023-00961-4.

Giudice, L., Mohamed, A., Malm, T., 2024. StellarPath: Hierarchical-vertical multi-omics 
classifier synergizes stable markers and interpretable similarity networks for patient 
profiling. PLoS Comput. Biol. 20. https://doi.org/10.1371/journal.pcbi.1012022.

Giudice, L., Ohtonen, S., 2025. Traffic-related diesel pollution particles impair the 
lysosomal functions of human iPSC-derived microglia. Zenodo. https://doi.org/ 
10.5281/zenodo.14631368.
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