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The bidirectional lung brain-axis  
of amyloid-β pathology: ozone dysregulates 
the peri-plaque microenvironment
Hendrik J. Greve,1 August L. Dunbar,1 Carla Garza Lombo,1 Chandrama Ahmed,1 

Morrent Thang,1 Evan J. Messenger,1 Christen L. Mumaw,1 James A. Johnson Jr,1 

Urmila P. Kodavanti,2 Adrian L. Oblak3 and Michelle L. Block1,4

The mechanisms underlying how urban air pollution affects Alzheimer’s disease (AD) are largely unknown. Ozone 
(O3) is a reactive gas component of air pollution linked to increased AD risk, but is confined to the respiratory tract 
after inhalation, implicating the peripheral immune response to air pollution in AD neuropathology. Here, we dem
onstrate that O3 exposure impaired the ability of microglia, the brain’s parenchymal immune cells, to associate with 
and form a protective barrier around Aβ plaques, leading to augmented dystrophic neurites and increased Aβ plaque 
load. Spatial proteomic profiling analysis of peri-plaque proteins revealed a microenvironment-specific signature of 
dysregulated disease-associated microglia protein expression and increased pathogenic molecule levels with O3 ex
posure. Unexpectedly, 5xFAD mice exhibited an augmented pulmonary cell and humoral immune response to O3, 
supporting that ongoing neuropathology may regulate the peripheral O3 response. Circulating HMGB1 was one factor 
upregulated in only 5xFAD mice, and peripheral HMGB1 was separately shown to regulate brain Trem2 mRNA expres
sion. These findings demonstrate a bidirectional lung-brain axis regulating the central and peripheral AD immune 
response and highlight this interaction as a potential novel therapeutic target in AD.
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Introduction
Rapidly increasing in global prevalence,1 Alzheimer’s disease (AD) is 
the leading form of dementia and disease-modifying treatments are 
unavailable,2 emphasizing the urgent need to understand AD aetiology 
and pathophysiology. Increasing reports indicate environmental 

influence in AD aetiology, where multiple components of urban air 

pollution associated with cardiovascular and pulmonary disease are 

now linked to an increased risk of AD,3–5 but the underlying biological 

mechanisms and how they may affect AD neuropathology are poorly 

understood.
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Amyloid-beta (Aβ) levels accumulate and condense into plaques 
within the brain parenchyma,6 where Aβ plaques are a hallmark of 
AD and one driver of disease-associated damage. Recent work 
points to an association between ambient air pollution exposure 
and an increased Aβ PET signal in humans,7 but there is significant 
debate regarding how urban air pollution could affect Aβ pathology, 
the extent of the effect, and the neuropathological consequences. 
Prior work in animal models focuses on detrimental Aβ process
ing,8–10 but the effect on Aβ clearance is unknown.

Microglia, the innate immune cells of the brain parenchyma, have 
been previously implicated as key mediators of the CNS effects of air 
pollution exposure due to their production of pro-inflammatory fac
tors,11–14 a process also typified in AD neuropathogenesis.15 In add
ition, as a critical response to Aβ pathology in AD, a subset of 
microglia known as disease-associated microglia (DAM) migrate to, 
associate with, and form barriers around amyloid plaques to restrict 
plaque growth and clear Aβ, due largely to triggering receptor ex
pressed on myeloid cells 2 (TREM2).16–19 At present, the impact of 
air pollution on microglial plaque association is undefined.

Urban air pollution is comprised of several components, including 
the reactive gas ozone (O3), which is incapable of translocating to the 
brain,20,21 but has been associated with an increased AD risk and cog
nitive decline.4,22,23 Previous work points to a lung-brain axis in this 
process, where the pulmonary response to O3 exposure indirectly 
regulates the CNS neuroimmune function in part through circulating 
and cellular factors.24,25 The impact of O3 and the lung-brain axis on 
Aβ plaque pathology has yet to be tested. Importantly, a handful of 
human studies support a link between AD and pulmonary comorbid
ities, such as chronic obstructive pulmonary disease (COPD) and 
asthma,26 but how the lung-brain axis and the response to air pollu
tion change during AD processes is unexplored.

Currently, the mechanisms of how O3 signals to the CNS and the 
effects on AD pathology remain largely unknown. Using 5xFAD 
mice, we sought to address how a subchronic O3 exposure affects 
AD pathology, neuroinflammation, neurotoxicity, the peri-plaque 
microenvironment and the lung-brain axis. Further, we identify a 
previously unknown bidirectional aspect of the lung-brain axis 
and HMGB1 as a likely significant circulating factor for communi
cating along the lung-brain axis.

Materials and methods
Reagents

Rabbit anti-ionized calcium-binding adaptor molecule 1 (IBA-1, 
1:500) antibody was procured from Wako Chemical (Cat. No. 
019-19741, RRID: AB_839504). Sheep anti-mouse TREM2 (1:300; 
Cat. No. AF1729, RRID: AB_354956) antibody was obtained from 
R&D systems. Mouse anti-human β-amyloid (clone 6e10; Cat. No. 
803001, RRID: AB_2564653), HRP conjugated mouse anti-human 
Aβ1-40 (Cat. No. 805407, RRID: AB_2564979), and HRP conjugated 
mouse anti-human Aβ1-42 (Cat. No. 805507, RRID: AB_2564980) anti
bodies were purchased from BioLegend. Rat anti-mouse 
lysosomal-associated membrane protein 1 (LAMP1; Clone 1D4B) 
antibody was purchased from Abcam (Cat. No. ab25245, RRID: 
AB_449893). All other reagents were procured from Sigma-Aldrich.

Mice

Male transgenic 5xFAD mice and littermate controls (WT) on a 
C57Bl/6J background were obtained from the Jackson Laboratory 
(Stock: 034848). The 5XFAD transgenic mice robustly develop amyl
oid pathology,27 as they overexpress five familial Alzheimer’s 

disease (FAD) mutations: the APP (695) transgene contains the 
Swedish (K670N, M671L), Florida (I716V), and London (V717I) muta
tions; the PSEN1 transgene contains the M146L and L286V FAD mu
tations. Because female 5xFAD mice exhibit a markedly higher 
amyloid pathology that increases over time,28,29 which is believed 
to be partially artificial and confounded due to the oestrogen re
sponse element in the Thy1 promoter, which drives the transgene 
expression in 5xFAD mice,27,29–31 only male mice were assessed. 
The C57Bl/6J (Stock: 000664) and LysM-Cre (Stock: 004781) mice 
were purchased from Jackson Laboratory. HMGB1 floxed mice32

were obtained from Riken (BRC No. RBRC06240). To generate 
Hmgb1fl/flLysM-cre+ mice, Hmgb1fl/fl mice were mated with 
LysM-Cre+/+ mice, and Hmgb1fl/flLysM-Cre− littermates were used 
as controls. All Hmgb1fl/flLysM-Cre mice were genotyped to confirm 
presence or absence of cre recombinase. Mice were individually 
housed in micro-isolator cages in an AAALAC-accredited housing 
facility maintained on a 12 h light/dark cycle at 20–24°C. Mice 
were acclimated to the housing facility for at least 1 week prior to 
the beginning of studies. Experimental mice were individually 
housed in HEPA-filtered, ventilated polycarbonate cages and 
food and water were provided to the mice ad libitum. A total of 60 
5xFAD and 60 WT mice were used in this study. For the first experi
ment, 30 5xFAD and 30 WT were assigned to treatment groups 
in a randomized block design, with 10 mice per group to assess 
traditional amyloid pathology and serum profiles. In a separate 
experiment, an additional 30 5xFAD and 30 WT mice were as
signed to treatment groups in a randomized block design, with 
10 mice per group to assess bronchoalveolar lavage immune pro
files and for the PFA fixed brains for digital spatial profiling ana
lysis. To determine the role of HMGB1 in Trem2 expression, 35 
Hmgb1fl/flLysM-cre+ and 35 Hmgb1fl/flLysM-cre− mice were assigned 
as 17–18 mice per treatment group. Finally, to assess the impact of 
recombinant HMGB1, 14 C57Bl/6J mice were assigned to treatment 
groups in a randomized block design, with seven mice per group. 
All experiments were approved by the IACUC (IUSM 11325 and 
11327) and were in accordance with the NIH guidelines for hous
ing, breeding, and experimental use. All mice were treated hu
manely with regard for alleviation of suffering.

Ozone exposure

O3 was generated via an HFL-10 O3 generator (Ozonology) and mice 
were exposed in a whole body, Rochester Hinners style, stainless 
steel and glass, 0.3 m3 whole body chambers. The O3 concentration 
was continuously monitored using a UV photometric O3 analyzer 
(465L, Teledyne API) and temperature was maintained at 21 ± 2°C. 
Rodents are insensitive to O3 toxicity,33,34 owing to their complex 
nasal turbinates,33,35 lung morphological differences, and high ur
ate and ascorbate concentrations in the airway surfactant. For 
these reasons, a factor of 3 is accepted practice for extrapolating 
concentrations between primates and rodents.34 O3 concentrations 
of 0.2–0.3 ppm are frequently achieved in areas of high air pollution, 
where 1 ppm is considered the equivalent in rodent experiments 
O3.24

To determine the effects of O3 exposure on AD neuropathology, 
we employed a subchronic model of O3 exposure previously 
used.36,37 Two experiments were performed (n = 10 mice per group) 
for two separate end points: lung and brain. Male 10–11-week-old 
5xFAD and littermate control mice were habituated to O3 exposure 
chambers for 5 days prior to the start of the experiment by exposing 
all mice to filtered air only. Mice were placed in wire-mesh cages and 
exposed to O3 (0.3 ppm or 1.0 ppm) or filtered air control for 4 h/day, 
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three consecutive days/week for 13 weeks in Rochester-style 
Hinners Chambers. For short term O3 exposures, male 6–8-week-old 
Hmgb1fl/flLysM-cre mice (n = 36 Hmgb1fl/flLysM-cre−, 33 Hmgb1fl/fl 

LysM-cre+) were habituated to chambers for 5 days and exposed for 
4 h/day, three consecutive days. At 24 h after final exposure, animals 
were euthanized with isoflurane for sample collection.

rHMGB1 administration

Male C57Bl/6J aged 6–8 weeks (n = 8 per group) received a single in
jection by tail vein of rHMGB1 (32.5 μg in 200 µl, Thermo Scientific; 
Cat. No. 34-8401-85) or vehicle (20 mM Tris-HCL, pH 8.0, 0.2 M 
NaCl, 1 mM DTT) control. Three hours after injection, brains were 
collected and dissected for analysis by RT-qPCR.

Brain tissue collection

Twenty-four hours after the final O3 exposure or 3 h after rHMGB1 
injection, mice were anaesthetized with isoflurane by open-drop 
method,38,39 and blood and brains were collected. The right hemi
sphere of each brain was drop-fixed in 4% paraformaldehyde for 2 
days followed by cryopreservation in 30% sucrose. The left hemi
sphere was microdissected into separate brain regions, snap frozen 
in liquid nitrogen, and stored at –80°C until analysis.

Collection and analysis of bronchoalveolar lavage 
fluid

Mice were euthanized 24 h after the final exposure by isoflurane 
overdose by open-drop method and bronchoalveolar lavage fluid 
(BALF) was collected from mice by lavaging the lung twice with 
1 ml of Hank’s balanced salt solution (HBSS) without Ca2+ or Mg2+. 
After collection, BALF was centrifuged at 1500 × g for 10 min at 
4°C, and the supernatant from the first lavage was collected for 
biochemical analysis while the cells from both lavages were pooled 
together for cellular analyses by resuspending in 250 µl of 
phosphate-buffered saline (PBS). Total cell counts were determined 
using a TC-10 automated cell counter (Bio-Rad), and cells were cen
trifuged onto slides using a Shandon Cytospin centrifuge (Thermo 
Scientific). Cells were differentially stained using Wright-Giemsa 
and cell differentials were determined by a blinded observer count
ing at least 400 cells at 40× per sample. The remaining cells from the 
bronchoalveolar lavage were snap frozen and stored at −80°C until 
NanoString RNA analysis.

Immunohistochemistry

Cryopreserved right hemispheres were sectioned on a freezing 
stage microtome at 40 µm. For Thioflavin S (ThioS) staining and 
Aβ (6e10, 1:500) plaque load analyses, every 12th section through 
a hemibrain was stained. ThioS staining was performed by immers
ing slide-mounted sections in 1% filtered ThioS in 50% EtOH for 10 
min at room temperature, followed by two washes in 80% EtOH 
for 3 min each, followed by one wash in 95% EtOH for 3 min, fol
lowed by three washes in diH20 for 3 min each. For 6e10 staining, 
sections first underwent antigen retrieval by incubating in sodium 
citrate for 15 min at 85°C, followed by 30 min at room temperature 
to cool. Sections were then washed 3× in PBST followed by blocking 
in 5% normal goat serum for 1 h at room temperature. Sections 
were then incubated in primary antibody solution overnight at 
4°C. Sections were then washed 3× in PBST followed by incubation 
in secondary Alexa-Fluor antibodies (1:1000) for 1 h at room tem
perature protected from light. Sections were then washed 3× in 

PBST, placed on slides and mounted with ProLong™ Gold. LAMP1 
and IBA-1 staining was performed on four evenly spaced brain sec
tions as described above. For TREM2 immunohistochemistry, four 
evenly spaced sections per brain underwent antigen retrieval using 
Reveal Decloaker (Biocare Medical) for 15 min at 85°C followed by 
room temperature for 30 min. Sections were then blocked in 5% 
normal donkey serum containing mouse on mouse blocking solu
tion (MOM, 1:1000) for 1 h at room temperature. Sections were 
then incubated with primary antibodies for 2 days at 4°C. 
Sections were then washed 3× in PBST followed by incubation 
with secondary antibodies for 6 h at room temperature protected 
from light. Sections were washed 3× in PBST and sections were 
placed on slides. Slides were mounted with ProLong™ Gold. To de
termine ThioS and 6e10 plaque load, whole slides were scanned 
using a Leica Aperio Versa slide scanner at 10× objective. Images 
were analysed in ImageJ where regions of interest (ROIs) were 
drawn around the whole cortex and hippocampus. Images were 
manually thresholded and the analyse objects function was used 
to quantify per cent areas and plaques per area in each region. 
Z-stacks of LAMP-1/ThioS were acquired at 20×, spaced 1 µm apart, 
on a Nikon A1R confocal microscope in the M1/M2 regions of the 
cortex. Images were analysed using Nikon Advanced Research 
NIS analysis software to determine the per cent area of LAMP-1 
positivity of maximum intensity projections. Z-stacks of TREM2/ 
IBA-1/6e10 were acquired at 40× on a Nikon A1R confocal micro
scope in the M1/M2 regions of the cortex. Each optical section was 
spaced 1 µm apart. Z-stacks were collapsed into a single image 
using NIS elements software and individual ROIs were drawn 
around each plaque. The amount of TREM2 on IBA-1+ microglia 
was calculated around each plaque and normalized to the plaque 
area. The number of plaque-associated microglia were counted 
manually around each plaque per frame. The total number of 
microglia per image were manually counted. For analysis of micro
glia morphology in rHMGB1 experiments, Z-stacks spaced 1 µm 
were collected in the somatosensory cortex and midbrain of 4 
IBA-1 stained sections at 40×. Analysis was performed as previously 
described to obtain the average microglial volume.40 All image ana
lysis was performed by blinded analysts.

Brain sample processing for ELISA and RT-qPCR

Brain regions (whole cortex, hippocampus, midbrain) were first ex
tracted in tissue protein extraction reagent (T-PER, Thermo Fisher 
Scientific) supplemented with protease and phosphatase inhibitors 
(Roche Diagnostics). For RNA analyses, an equal amount of hom
ogenate was mixed with TRIzol™ reagent and extraction was per
formed according to manufacturer’s instructions. Aβ extraction 
was performed as previously described.41 An equal amount of hom
ogenate was mixed with 0.4% diethylamine (DEA) and underwent 
high speed centrifugation at 135 000 × g for 1 h at 4°C. Supernatant 
was mixed with 0.5 M Tris-HCl (10:1, sample to Tris-HCL), and 
snap frozen on dry ice for analysis of soluble fraction. The remain
ing pellet was solubilized in cold formic acid with sonication, and 
then centrifuged at 105 000 × g for 1 h at 4°C. Supernatant was neu
tralized in formic acid neutralization buffer (1 M Tris-base, 0.5 M 
Na2HPO4) and snap frozen on dry ice for analysis of the insoluble 
fraction.

Microglia isolation

Microglia were isolated as previously described.40 Briefly, mice were 
anaesthetized with a ketamine/xylazine cocktail and transcardially 
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perfused with cold PBS. Brains were dissociated using the Neural 
Tissue Dissociation Kit (P) (Miltenyi Biotec; Cat. No. 130-092-628), 
and microglia were isolated by magnetic column separation using 
CD11b microbeads (Miltenyi Biotec; Cat. No 130-049-601) to select 
for microglia.

Intraperitoneal macrophage isolation

For preparation of peritoneal macrophages, mice were injected 
with thioglycollate solution (3.8%, IP). Three days post-injection, 
the peritoneal cavity was lavaged with MACS buffer (PBS, 1% BSA, 
1 mM EDTA) and the cells were collected for RNA, as previously 
reported.42

ELISA

For Aβ ELISAs, MaxiSorp ELISA plates were coated overnight with 
6e10 antibody at 4°C. Plates were washed (PBS, 0.025% Tween20) 4× 
and blocked in 1% skim milk for 1 h at 37°C. Plates were washed 4× 
and samples or standards were loaded in duplicate and plates 
were incubated overnight at 4°C with shaking. Plates were washed 
4× and incubated with HRP-conjugated detection antibodies for 1 h 
at room temperature. Plates were washed 4× and developed with 
TMB colorimetric solution and stopped with 2 N H2SO4. Plates were 
read at 450 nm. For HMGB1 ELISAs, protocol was followed according 
to manufacturer’s protocol. NfL ELISA (MesoScale Discovery, Cat No. 
F217X-3) was run according to manufacturer’s instructions.

RT-qPCR

TRIzol™ extracted RNA was treated with DNaseI using Ambion 
DNA-free kit (Thermo Scientific-Invitrogen). RNA was reverse tran
scribed using Maxima First Strand cDNA Synthesis Kit (Thermo 
Fisher Scientific). PowerUp Sybr Green Master Mix (Life 
Technologies) or TaqMan Advanced Fast Master Mix (Life 
Technologies) were used. For Sybr Green probes, 500 nM forward 
and reverse primers were used. Sequences for primers were 
Gapdh forward 5′-GAACATCATCCCTGCATCCA-3′ and reverse 
5′-CCAGTGAGCTTCCCGTTCA-3′, Il1b forward 5′-TGAAGAAGAGC 
CCATCCTCTGTGA-3′ and reverse 5′-GGTCCGACAGCACGAGGC 
TT-3′, Trem2 forward 5′-TGGGACCTCTCCACCAGTT-3′ and reverse 
5′-GTGGTGTTGAGGGCTTGG-3′, and Nlrp3 forward 5′-ATTACCCGC 
CCGAGAAAGG-3′ and reverse 5′-TCGCAGCAAAGATCCACACAG-3′. 
TaqMan probes were used according to manufacturer’s instruc
tions. TaqMan probes were used for Slc18a3 (Mm00491465_s1), 
Chat (Mm00491465_s1), Ache (Mm00477275_m1), and Gapdh 
(Mm99999915_g1). Gapdh was used as the housekeeping gene for 
all RT-qPCR experiments, and data were calculated using the 
2−ΔΔCT method. Quantitative PCR was performed on a Viia7 (Life 
Technologies) RT-PCR system.

Milliplex array

To examine serum cytokine/chemokine changes, a MilliPlex Mouse 
Cytokine/Chemokine 32-Plex panel was used (Millipore-Sigma). 
Serum samples were thawed and centrifuged at 10 000 × g for 10 
min and then run according manufacturer’s instructions. 
Samples were analysed on a Bio-Plex 200 System (Bio-Rad 
Laboratories).

NanoString nCounter gene expression panels

For analysis of mRNA in BAL cells, NanoString Mouse Immunology 
Panels were used (NanoString Technologies). RNA was extracted 

from BAL cells using RNeasy Micro kits (Qiagen), and 75 ng/sample 
were hybridized to probes according to manufacturer’s instruc
tions. NanoString Panels were run using nCounter Max/Flex sys
tem. Data were analysed in nSolver Advanced Analysis Software.

NanoString digital spatial profiling

Paraformaldehyde fixed 10 µM sections were incubated with the 
NanoString proprietary cocktail comprised of two tissue markers 
(amyloid beta and microglia) and approximately 60 antibodies 
(Neural Cell Profiling Core, Alzheimer’s Disease Panel, 
Alzheimer’s Disease Extended Panel, Glial Subtyping Panel) with 
unique photo-cleavable oligonucleotide tags. Using NanoString’s 
GeoMx™ Digital Spatial Profiler system,43 Aβ plaques and microglia 
were identified using fluorescently labelled antibodies against Aβ 
and IBA-1. Amyloid plaques in the M1/M2 region of the cortex 
were selected and a 100 μm diameter circular ROI was placed 
around the plaque core, the amyloid positive plaque was then seg
mented out of the ROI to only leave the immediately adjacent area 
for collection within the 100 μm diameter ROI, defining the peri- 
plaque microenvironment. As an internal control tissue, a 100 μm 
diameter ROI was placed in the cortex with microglial staining 
and no plaque. Using the GeoMx DSP, these selected areas were in
dividually UV illuminated to photocleave the oligonucleotides 
within each ROI. The resulting oligonucleotides were collected in 
a 96-well plate by the GeoMX DSP. After collection the wells were 
then hybridized according to the manufacturer’s instructions and 
analysed on the nCounter® platform, resulting in distinct spatially 
mapped counts that correspond to the antibodies from which the 
tags were cleaved. Count data first underwent quality control for 
system variation and then normalized to control protein counts. 
Protein changes were assessed as a change from the peri-plaque 
ROI compared to the non-plaque ROI. Radial heatmaps were gener
ated using Complex Heatmaps package in R as previously 
described.44

Statistical analysis

Sample size for experiments were determined based on prior re
ports and power analyses. A randomized block design was em
ployed for all animal experiments, and sample processing was 
performed blind, where the code denoting groups was only pro
vided for data analysis. Data were analysed in GraphPad Prism 8.0 
(GraphPad Prism, San Diego, CA, USA). Data are expressed as the 
mean ± standard error of the mean (SEM). Outliers were determined 
to be points that were outside of the mean ± 2 standard deviation 
(SD) and were removed from all subsequent analyses, except for 
GeoMX data, which were determined using the ROUT method 
with Q = 1%. Gaussian distribution of data was evaluated by using 
D’Agostino-Pearson normality testing, where P > 0.05 indicated a 
normal distribution. Mean differences were analysed by 
Bonferroni’s post hoc analysis, or Welch’s t-test, when appropriate. 
A P-value < 0.05 was considered statistically significant. For 
Nanostring RNA data, Benjamini-Hochberg FDR corrections were 
used for the generation of volcano plots. For Nanostring GeoMX 
data, to account for multiple ROIs for each mouse, a linear mixed 
model was used to evaluate protein expression using the GeoMX 
DSP data analysis package. For each analysis, the protein expres
sion levels were used as the dependent variable with a single fixed 
effect [O3 versus filtered air (FA), peri-plaque versus non-plaque], 
and mouse ID was used as the random effect with random inter
cept. A P-value < 0.05 was considered statistically significant.
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Data availability

The data in this manuscript are available upon reasonable request 
to the corresponding author.

Results
Ozone exposure impairs microglial-plaque 
association

Microglia cells surround and clear plaques through a transcrip
tomic shift regulated by TREM2,18,45 where studies indicate that 
the loss of this phenotype exacerbates amyloid pathology.19,46 To 
begin to explore whether air pollution (O3) affects the ability of 
microglia to interact with plaques, 5xFAD mice were exposed to 
O3 (0.3 or 1.0 ppm) or FA control for 13 weeks. Examination of the 
plaque microenvironment by confocal microscopy showed de
creases in plaque-associated microglia without changes in the total 
number of microglia (Fig. 1A–C). Further, the amount of TREM2 pro
tein localized around amyloid plaques was decreased (Fig. 1D). 
However, normalizing the TREM2 expression to IBA-1 expression 
shows no change in TREM2 levels (Fig. 1E), supporting that de
creased TREM2 may be due to reduced microglia in the peri-plaque 
environment, rather than microglial loss of TREM2. Representative 
images taken in the hippocampus further supports that O3 impairs 
microglial-plaque association in multiple brain regions 
(Supplementary Fig. 1).

Examination of pro-inflammatory marker expression by qPCR in 
the cortex showed increases in the pro-inflammatory genes Nlrp3 
and Il1b (Fig. 1F), two components of the inflammasome that are 
upregulated in AD.47,48 While O3 showed no changes in cortical 
Trem2 mRNA expression (Fig. 1F), this failure to change may note 
pathology. More specifically, while increasing ThioS staining in 
the cortex is significantly correlated with increasing levels of 
Trem2 mRNA expression in filtered air-exposed 5xFAD mice, this 
association is abolished with O3 (1 ppm) exposure (Fig. 1G), suggest
ing amyloid plaque-driven increases in TREM2 expression may be 
perturbed with O3 exposure. As such, these are the first data to 
demonstrate that O3 exposure impedes microglial plaque associ
ation, impairs plaque-associated increases in gene expression of 
the master DAM regulator TREM2, and may impede the 
plaque-restricting DAM phenotype.

Ozone exposure exacerbates amyloid pathology

In an effort to determine the pathological significance of O3-impaired 
microglia-plaque association, we next examined the effects of O3 ex
posure on amyloid pathology. We observed an increase in the num
ber of dense-core ThioS+ plaques (Fig. 2A and B) and the number of 
diffuse 6e10+ plaques (Fig. 2C and D) in both the cortex and hippo
campus. Further consistent with the loss of plaque restricting micro
glia, we also observed an increase in the size of diffuse 6e10+ plaques 
in the cortex and hippocampus (Fig. 2E). Cortical mRNA expression of 
human APP (hAPP) was unchanged by O3 exposure (Supplementary 
Fig. 2A), and examination of Aβ isoforms showed only increases in in
soluble Aβ42 only in the hippocampus (Supplementary Fig. 2B). 
However, there was a significant shift in the ratio of Aβ42 to Aβ40in 
the cortex (Fig. 2F), suggesting aberrant changes to Aβ processing after 
O3 exposure. Taken together, these data demonstrate that an envir
onmentally relevant, subchronic O3 exposure exacerbates plaque 
number, size, and load, in addition to shifting the Aβ42/Aβ40ratio, 

supporting an effect of air pollution on microglial plaque restriction, 
Aβ processing, and potentially microglial clearance.

Ozone exposure augments amyloid-induced neuron 
damage

We next aimed to understand if the increase in amyloid pathology 
and decreased microglial-plaque association after O3 exposure 
exacerbated amyloid-associated neuronal toxicity. To investigate 
the effects of O3 on neuronal pathology, we stained for LAMP-1 
as a marker of dystrophic neurites,49 and ThioS for dense-core 
plaque (Fig. 3A). We observed an increase in the amount of 
plaque-associated LAMP-1 (Fig. 3B), demonstrating an increase of 
dystrophic neurites. To further explore the consequences of O3 ex
posure, we investigated components of the acetylcholinergic path
way. In order to explore the effects of O3 on the acetylcholinergic 
system, we examined mRNA expression of three key components 
in the cortex: choline acetyltransferase (ChAT), vesicular acetyl
choline transporter (Slc18a3), and acetylcholinesterase (AChE) 
(Fig. 3C). We observed decreases in the expression of all three com
ponents in only 5xFAD mice, suggesting that O3 exposure perturbs a 
key neurophysiological pathway relevant to AD. Examination of 
serum levels of neurofilament light (NfL), a marker of neurodegen
eration,50 did not show significant increases in response to O3 ex
posure in 5xFAD mice (Supplementary Fig. 3). Together, these 
findings support that the O3 exposure augments neuropathology 
that is linked to amyloid deposits.

Ozone exposure alters the peri-plaque 
microenvironment and dysregulates the DAM 
phenotype

Using digital spatial profiling to image and spatially resolve prote
omic changes (Fig. 4A), we next sought to identify how the 
O3-associated neuropathology was altered by plaque localization 
in the cortex. When comparing protein changes in peri-plaque ver
sus non-plaque areas, in addition to a core protein signature shared 
by both exposures (green), there was a unique signature of protein 
changes noted in the cortical peri-plaque region of mice exposed to 
FA (blue) and O3 (red) (Fig. 4B). Radial heat maps of peri-plaque (in
ner circle) and non-plaque (outer circle) of FA and O3 proteins detail 
these unique proteomic signatures in O3-exposed cortices (Fig. 4C). 
Volcano plots reveal that O3 dysregulates the dynamic protein dif
ferences documented between non-plaque and peri-plaque regions 
(Fig. 4D). To focus on microglial protein expression, including DAM 
markers, protein expression was normalized to CSF1R, a homeo
static marker shown not to change with DAM stage,18 for microglial 
proteins. The Venn diagrams (Supplementary Fig. 4A and B) further 
detail that when compared to non-plaque regions, the peri-plaque 
region in 5xFAD mice exhibits a dynamic microglial protein re
sponse to plaques that includes DAM protein markers; a responsiv
ity that is partially lost with O3exposure. These O3 changes support 
a loss of DAM function and some immune pathology, where closer 
examination of CSF1R-normalized microglial proteins shows an 
impaired upregulation of DAM-related proteins, and increases in 
peri-plaque P2RX7 in O3-exposed mice (Supplementary Fig. 4B), 
which has been shown to exacerbate AD-like pathology in ro
dents.51 Together, the data indicate that the CNS effects of O3 are 
determined in part by the spatial localization to amyloid plaques, 
where O3 augments protein markers of damage and dysregulates 
protein markers of the DAM phenotype in the peri-plaque space.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac113#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac113#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac113#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac113#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac113#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac113#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac113#supplementary-data
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Figure 1 Ozone impairs microglial-plaque association and TREM2 on plaque-associated microglia. 5xFAD mice (10–11 weeks old) were exposed to O3 

(0.3 or 1.0 ppm) or FA by inhalation for 13 weeks. (A) Representative confocal images of TREM2 (red), IBA1 (green) and 6e10 (white) in the cortex of 5xFAD 
mice exposed to O3 or FA control. Scale bars = 100 μm; Inset = 25 μm. (B and C) Number of (B) plaque-associated microglia and (C) total microglia per 
image. (D and E) Quantification of (D) microglial TREM2 relative to plaque area and (E) the ratio microglial TREM2 to IBA-1. (F) RT-qPCR of the 
pro-inflammatory genes Nlrp3 and Il1b as well as Trem2 in the cortex of O3 exposed mice. (G) Correlation of %ThioS in the cortex and Trem2 mRNA. 
Data are represented as mean ± SEM, n = 5–7 mice/exposure group. *P < 0.05; one-way ANOVA, Bonferroni post hoc or Welch’s t-test.
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Ongoing Alzheimer’s disease neuropathology 
augments the pulmonary and circulating factor 
response to ozone

We next sought to understand the peripheral immune response 
of 5xFAD and control (WT) mice to O3. Examination of the 

bronchoalveolar lavage (BAL) in O3 exposed mice showed an in
crease in the total cells, macrophages, neutrophils and eosinophils 
in 5xFAD mice exposed to 1.0 ppm O3, but not WT mice (Fig. 5A). 
Analysis of total protein concentration in the BAL fluid showed an 
increase in both mouse strains in the 1.0 ppm O3 exposed groups, 
but no genotype differences (Fig. 5B), suggesting that 5xFAD mice 

Figure 2 Ozone exposure exacerbates amyloid pathology in 5xFAD mice. 5xFAD mice (10–11 weeks old) were exposed to O3 (0.3 or 1.0 ppm) or FA by 
inhalation for 13 weeks. (A) Representative images of ThioS+ plaques in the cortex and hippocampus. Scale bars = 1000 μm; Inset = 100 μm. 
(B) Quantification of the number of ThioS+ plaques per mm2 in the hippocampus and cortex. (C) Representative images of 6e10+ Aβ in the cortex 
and hippocampus. Scale bars = 1000 μm; Inset = 100 μm. (D) Quantification of the number of 6e10+ plaques per mm2 in the hippocampus and cortex. 
(E) Quantification of the average size of 6e10+ plaques in the hippocampus and cortex. (F) The ratio of DEA soluble Aβ42 to Aβ40 in the hippocampus and 
cortex. Data are represented as mean ± SEM, n = 8–10 mice/exposure group. *P < 0.05, one-way ANOVA, Bonferroni post hoc.
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have augmented immune cell infiltration into the alveolar com
partment in response to O3, but no differences in pulmonary 
damage.

In order to exclude aberrant transgene expression in peripheral 
tissues of 5xFAD mice as the cause of these pulmonary differences, 
we examined human APP (hAPP) expression in the brain and lung of 
control and 5xFAD mice (Supplementary Fig. 5A and B), where hAPP 
expression was only noted in the brains of the 5xFAD transgenic 
mice. As such, 5xFAD differences in the peripheral measures pro
duced in response to O3 were attributed to the peripheral conse
quences of the ongoing AD neuropathology. Further, given that 
the transgenes in the 5xFAD mouse model are inserted under a 
neuronal specific element of the Thy1 promoter,27 it is unlikely 
that extra-CNS expression of transgenes is driving this effect.

Given the alterations in immune cell infiltration into the lungs 
of 5xFAD mice, we next aimed to understand the molecular 

underpinnings of these differences. Using NanoString mRNA pa
nels, we examined the transcriptomic signatures of the isolated 
BAL immune cells from FA- and 1.0 ppm O3-exposed mice 
(Fig. 5C–E). Volcano plots showing the differences in gene expres
sion of BAL immune cells compared to FA control demonstrate a 
unique transcriptional profile in O3-exposed 5xFAD mice, including 
genes related to immune cell chemotaxis, such as Cxcr2, and inter
estingly, Trem2 (Fig. 5C). Undirected pathway analysis of 5xFAD ver
sus WT O3 exposure shows broad perturbations in pathways 
related to cytokine signalling and chemotaxis (Fig. 5D), further con
firming that 5xFAD mice have an augmented pulmonary immune 
response. Analysis of specific gene sets shows increased expression 
in multiple chemokines and cytokines, as well as key endothelial 
cell markers (Fig. 5E) in O3-exposed 5xFAD compared to WT mice. 
Taken together, these analyses demonstrate broad changes in the 
5xFAD pulmonary immune response without aberrant transgene 

Figure 3 Ozone exposure exacerbates neuritic dystrophy and dysregulates acetylcholinergic gene expression. 5xFAD mice (10–11 weeks old) were ex
posed to O3 (0.3 or 1.0 ppm) or FA by inhalation for 13 weeks. (A) Representative confocal images of ThioS (green) and LAMP1 (magenta) taken at ×20 (top) 
or ×63 (bottom) in the M1/M2 cortex of 5xFAD mice exposed to O3. Scale bars: top = 100 µm; bottom = 25 µm. (B) Quantification of LAMP1 per cent area. 
(C) mRNA expression of Slc18a3 (VAChT), Chat and Ache in the cortex of O3 exposed 5xFAD and WT mice. n = 8–10 mice/exposure group. *P < 0.05; one- 
way ANOVA, Bonferroni post hoc or Welch’s t-test.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac113#supplementary-data
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expression, suggesting that ongoing AD pathology may impact 
pulmonary immune responses.

Peripheral HMGB1 regulates O3-induced CNS change

In our next approach, we aimed to understand what circulating fac
tors may be contributing to the CNS effects of O3. We previously 
found that canonical cytokines and chemokines are not upregu
lated in response to O3 exposure in rodents.24 Examination of ser
um by ELISA and array showed an increase in three serum 
proteins (HMGB1, IL-9, VEGF) in only the 5xFAD mice in response 
to O3 (Fig. 6A), but not WT mice (Supplementary Fig. 6), further con
firming a combinatorial effect of O3 exposure and ongoing AD path
ology in peripheral immune responses.

To verify the CNS consequences of circulating HMGB1 and begin 
to understand the functional impact of increased serum HMGB1 on 
CNS changes in response to air pollution, we injected recombinant 
HMGB1 (rHMGB1, 32.5 μg) into mice by tail vein, a dose previously 
identified in experiments with LPS-treated animals.52 At 3 h, 
rHMGB1 injection decreased mRNA expression of VAChT and 

ChAT in the cortex (Fig. 6B), but no changes were seen in AChE 
mRNA expression (data not shown). Next, we examined whether 
rHMGB1 impacted Trem2 mRNA expression. While no significant 
changes were seen in Trem2 expression in the cortex, rHMGB1 sig
nificantly impaired Trem2 expression in the midbrain (Fig. 6C), a re
gion that has been previously shown to be particularly sensitive to 
the effects of air pollution and circulating signal-induced neuroin
flammation.11 We did not observe changes in microglial morph
ology at this dose and timepoint of rHMGB1 injection, further 
pointing to the complicated nature of the peripheral aberrations 
in O3-induced CNS changes (Supplementary Fig. 7A and B). To fur
ther investigate the role of peripheral HMGB1 on O3-induced CNS 
changes, we utilized a cre-lox system to create a myeloid-specific 
knockout of HMGB1. Hmgb1fl/flLysM-cre+ mice showed robust 
reduction in expression of Hmgb1 in only peripheral myeloid cell 
populations (intraperitoneal macrophages and alveolar macro
phages) without a change in brain or microglial Hmgb1 expression 
or number of microglia (Supplementary Fig. 8A and B), supporting 
that HMGB1 is specifically knocked down in peripheral myeloid po
pulations. Short term O3 exposure in Hmgb1fl/flLysM-cre− mice 

Figure 4 O3 alters the peri-plaque microenvironment and dysregulates key DAM proteins. 5xFAD mice (10–11 weeks old) were exposed to O3 (0.3 or 1.0 
ppm) or FA by inhalation for 13 weeks. (A) Representative images from NanoString GeoMX DSP platform of IBA-1 (green) and Aβ (magenta) in the cortex 
of 5xFAD mice. (B) Plot comparing changes from peri-plaque to non-plaque areas in FA and O3. (C) Radial heat map of protein changes from non-plaque 
(outer circle) to peri-plaque (inner circle) regions in O3 exposed 5xFAD mice. (D) Volcano plots comparing peri-plaque versus non-plaque areas for FA and 
O3. n = 4 mice/group (34–36 peri-plaque and 36 plaque-distant ROIs per mouse).

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac113#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac113#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac113#supplementary-data
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showed a decrease in Trem2 expression in the cortex and midbrain 

(Fig. 6D), an increase in Nlrp3 in the midbrain (Fig. 6E), and no 

changes in Il1b (data not shown), but these effects were abolished 

in Hmgb1fl/flLysM-cre+ mice (Fig. 6D and E), further implicating per

ipheral myeloid HMGB1 in O3-induced CNS changes. Lastly, we ob

served that neither HMGB1 mRNA or protein expression in the 

cortex of 5xFAD mice exposed to O3 was changed (Supplementary 

Fig. 9A and B), suggesting that peripheral HMGB1, and not 

CNS-derived HMGB1 likely plays a more important role in 

O3-indcued CNS changes. These findings support that O3exposure 

induces circulating factors, such as HMGB1, that may regulate 

O3-induced CNS pathology.

Discussion
Epidemiological studies have increasingly associated air pollution ex
posure with increased risk of AD, cognitive decline, and demen
tia,22,23,53,54 but how urban air pollution augments amyloid plaque 
deposition and elevates AD risk is a source of debate and is likely 
due to multiple interacting mechanisms. Here, we began to outline 
the role of the lung-brain-axis in amyloid pathology using O3, a react
ive gas air pollutant associated with AD risk and cognitive de
cline.4,22,23 that is unable to translocate to the CNS parenchyma to 
exert effects.20,21 O3 was shown to augment amyloid pathology in a 
pattern that was consistent with loss of TREM2 function, including 
impaired upregulation of TREM2 expression, attenuated microglial 

Figure 5 Ongoing AD pathology augments pulmonary and peripheral immune responses to O3. 5xFAD mice (10–11 weeks old) were exposed to O3 (0.3 
or 1.0 ppm) or FA by inhalation for 13 weeks. (A) Cellular differentials from bronchoalveolar lavage (BAL) from O3-exposed 5xFAD and control litter
mates. (B) Total protein in BAL fluid. (C) Volcano plots from NanoString analysis of BAL cells from O3 WT versus FA and O3 5xFAD versus FA. 
Highlighted genes represent a subset of significantly changed genes after FDR correction (Benjamani-Hochberg, P < 0.01). (D) Undirected pathway ana
lysis of 5xFAD O3 versus WT O3 showing the top 20 significantly changed pathways (P < 0.05). (E) Analysis of gene changes between 5xFAD and WT mice 
exposed to O3.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac113#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac113#supplementary-data
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plaque association, disrupted plaque micro-environment proteomic 
profiles, enhanced amyloid load, and exacerbated amyloid- 
associated neuron damage, where the lung-brain axis hypothesis 
holds that these effects are likely caused by the peripheral conse
quences of O3. Consistent with this premise, 5xFAD mice showed 
elevated circulating factors in response to O3, including HMGB1, 
and an enhanced pulmonary immune response that was concurrent 
with the O3 augmented amyloid-associated neuropathology. 
Mechanistically, this work directly tests the role of peripheral 
HMGB1 as one mechanism out of many, through which O3 can im
pact the brain. More specifically, O3 exposure was shown to elevate 

circulating HMGB1 in 5xFAD mice; intravenous administration of 
rHMGB1 in control mice was demonstrated to trigger neuroimmune 
responses, including impaired TREM2 expression; genetic deletion 
of peripheral myeloid cell HMGB1 was shown to rescue O3-induced 
loss of Trem2 expression. These findings are the first to reveal that 
O3 exposure augments amyloid plaque pathology, and that O3 does 
this in a pattern consistent with loss of TREM2 function, where the 
peripheral responses to O3, such as HMGB1, can mediate TREM2 dis
ruption. Unexpectedly, given the enhanced pulmonary immune sen
sitivity of 5xFAD mice to O3exposure, these findings also support that 
the lung-brain axis is bidirectional, where ongoing neuron damage 

Figure 6 Peripheral HMGB1 regulates O3-induced CNS changes. 5xFAD mice (10–11 weeks old) were exposed to O3 (0.3 or 1.0 ppm) or FA by inhalation 
for 13 weeks. (A) Serum analysis of HMGB1, IL-9, and VEGF in 5xFAD mice exposed to O3. C57Bl/6 mice were injected with rHMGB1 (32.5 μg) or vehicle 
(Veh.) by tail and samples were collected 3 h after injection (B) mRNA analysis of acetylcholinergic genes in mice injected with rHMGB1. (C) mRNA ana
lysis of Trem2 in midbrain and cortex of mice injected with rHMGB1. Hmgb1fl/flLysM-cre− and Hmgb1fl/flLysM-cre+were exposed to O3 (1.0 ppm) or FA for 3 
days, 4 h/day. (D and E) mRNA expression of (D) Trem2 and (E) Nlrp3 in cortex and midbrain of Hmgb1fl/flLysM-cre− and Hmgb1fl/flLysM-cre+exposed to O3. 
n = 5–10 mice/exposure group for 13 wk O3 exposure, n = 6–7 mice/treatment group for rHMGB1, n = 16–18 mice/exposure group for short term O3. *P < 
0.05; Welch’s t-test, or one- or two-way ANOVA, Bonferroni post hoc.
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may also regulate the pulmonary immune response to urban air pol
lution (Fig. 7).

There is increasing interest in the underlying mechanisms regu
lating how urban air pollution can affect the brain,55 and most animal 
and in vitro studies have focused on direct toxicity mechanisms,9,56

where components of air pollution translocate into the CNS to direct
ly exert neurotoxic and pro-inflammatory effects. While certainly 
true for some components of air pollution, such as metals,57 this 
mechanism falls short for gaseous components of air pollution that 
are unable to pass the respiratory barrier, such as O3, which are com
positionally prevalent and also linked with an increased risk of AD.4,53

The lung-brain axis hypothesis holds that the pulmonary immune re
sponse and consequent systemic signals, such as cells and circulating 
factors, regulate CNS health and disease.24 Consistent with this, we 
have previously shown that O3 results in a persistent neuroimmune 
response, likely due to circulating factors, which was hypothesized 
to be caused by the peripheral immune response.24 This is further 
supported by other reports identifying changes in the peripheral im
mune response, circulating factors, and the neuroimmune response 
to O3. 24,58,59 Here, we demonstrated that the lung-brain axis effects 
of O3 exposure include impaired microglial-plaque association 
(Fig. 1), neuroinflammation (Fig. 1), increased amyloid neuropathol
ogy (Fig. 2), and neuritic dystrophy (Fig. 3). Importantly, the data re
vealed an uncoupling of the Trem2-plaque response and a decrease 
in the levels of TREM2 around the plaque, despite no evidence that 
the plaque-associated microglia TREM2 expression levels were chan
ged (Fig. 1). We next determined the consequences of subchronic O3 

exposure at the level of the peri-plaque microenvironment, where 
we show dysregulated protein expression of key DAM proteins, in
creased Aβ processing enzymes, elevated phosphorylated-tau, and 
augmented many other protein markers of pathology (Fig. 4). 
Interestingly, this O3-induced amyloid neuropathology phenotype is 
consistent to what occurs with loss of TREM2 function in 5xFAD 
mice,19,46 which further suggests that O3 may be regulating CNS ef
fects through dysregulated TREM2 expression or function.

DAM cells surround and clear plaques through a transcriptomic 
shift regulated by TREM2,18,45 and studies indicate that loss of 

TREM2 exacerbates amyloid pathology, particularly in late stages 
of disease.19,46 While we previously have shown that air pollution 
exposure impaired TREM2 expression and DAM genes,40 the impact 
of air pollution exposure on microglial-plaque association has not 
been studied. Here, we show that O3 exposure impaired microglial- 
plaque association (Fig. 1), which is the first evidence that air pollu
tion may alter AD neuropathology through an impaired microglial 
clearance pathways. We hypothesized that O3-impaired microglia- 
plaque association may be due to impaired TREM2 expression. 
While TREM2 expression was decreased around plaques, this was 
attributable to the decreased number of microglia around the pla
ques, suggesting a more complicated mechanism than an impaired 
expression of TREM2. This apparent lack of TREM2 expression 
change in microglia may be due to the limitations of imaging mo
dalities used or changes in TREM2 function and processing that 
were unable to be investigated in this study. However, we observed 
an uncoupling of plaque increased Trem2 expression, suggesting 
that O3 exposure may still be impacting this response from micro
glia. Taken together, these data point to a central role for microglia 
in air pollution-altered AD-like pathology.

The neuropathology of AD is dependent on the plaque micro
environment,43 and in the current study, we discovered that spatial 
resolution and plaque proximity are important for understanding 
how O3 affects the brain. We found that O3 dysregulated both the 
peri-plaque micro-environment and plaque-distant regions 
(Fig. 4). Importantly, data revealed a dysregulated shift in the 
plaque-distant to peri-plaque micro-environments, where plaque- 
distant regions were similar to peri-plaque regions after O3 expos
ure, suggesting that air pollution may exacerbate AD pathology 
through multiple mechanisms at the level of the plaque micro- 
environment (Fig. 4). Further, several damage and inflammatory 
proteins had reached a ceiling effect in the plaque-distant regions 
of the O3 exposed brains, suggesting that O3 may also impact 
plaque-distant areas and result in multiple insults that microglia 
respond to. As such, we propose that the concurrent insults of 
amyloid pathology and O3-induced CNS effects may overwhelm 
microglial ability to efficiently respond to and clear plaques. 

Figure 7 O3 regulates the amyloid plaque micro-environment through the bidirectional lung-brain axis. Exposure to O3, a reactive air pollutant unable 
to translocate to the brain to exert CNS effects, caused: reduced microglial-plaque association, impaired CNS Trem2 upregulation in response to pla
ques, exacerbated amyloid and neuronal pathology, and dysregulated the peri-plaque microenvironment in 5xFAD mice, effects commonly associated 
with loss of TREM2 function. 5xFAD mice also exhibited enhanced circulating factors (HMGB1), elevated pulmonary immune cell trafficking, and an 
augmented pulmonary immune cell pro-inflammatory transcriptome in response to O3, when compared to control mice, supporting a role for ongoing 
Aβ neuropathology in the pulmonary response to air pollution, revealing a bi-directional lung-brain axis governing central and peripheral immune re
sponses. Mechanistically, iv injection of recombinant HMGB1 in control mice impaired brain Trem2 expression and genetic ablation of HMGB1 in per
ipheral myeloid cells abolished O3-induced reduction of TREM2, revealing a role for peripheral HMGB1 in the regulation of CNS Trem2 expression. These 
findings implicate urban air pollution, the periphery, and the lung-brain axis in amyloid pathology and highlight the potential role of TREM2 and 
HMGB1 in this process, identifying novel potential therapeutic targets for the regulation of CNS Trem2 expression and Alzheimer’s disease.
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Taken together, these findings demonstrate that O3 exposure alters 
the peri-plaque micro-environment, which offers a previously un
explored level of spatial and quantitative resolution into how air 
pollution may be regulating key pathological mechanisms in AD.

Previous research exploring the lung-brain axis has investigated 
how the pulmonary response to air pollutants affect the brain.24

Here, we demonstrate that the lung-brain axis of air pollution is bi
directional, where ongoing amyloid pathology enhances sensitivity 
to the pulmonary immune response to O3. While we did not inves
tigate the underlying mechanism behind the increased immune 
sensitivity, there are several possible mechanisms including altera
tions in neuronal signalling to the lung, changes in circulating im
mune cells, or complex peripheral immune interactions involving 
other organs systems such as the spleen or liver. These findings 
are consistent with other CNS insults, where it has been known 
that stroke dysregulates the peripheral immune system and can 
lead to a higher susceptibility to pneumonia and pulmonary infec
tion through peripheral immunodepression.60 As such, our data 
add to the growing body of evidence that indicates that CNS disease 
affects the peripheral immune response. We also identified HMGB1, 
IL-9, and VEGF as potential contributors along the lung-brain axis, 
and HMGB1 was shown separately to regulate O3-induced CNS 
gene expression changes (Fig. 6). Together, these data support 
that ongoing AD pathology augments the pulmonary immune re
sponse to air pollution, and that peripheral circulating factors, 
such as HMGB1, regulate the lung-brain axis. It has been observed 
that patients with isolated traumatic brain injury can spontaneous
ly develop acute lung injury,61 and the mechanisms underlying 
communication between lung and brain pathology is urgently rele
vant given reports of cognitive symptoms in patients with or reco
vering from COVID-19.62–64 However, little is mechanistically 
known about the communication between lung and brain disease, 
and these data may have implications reaching far beyond air 
pollution-induced lung damage and AD.

In conclusion, here we identify a robust exacerbation of amyloid 
pathology in response to O3 exposure consistent with reports of in
creased amyloid pathology in humans exposed to ambient air pol
lution.7 Further, we show a novel mechanism, where O3 exposure 
impairs the ability of microglia to associate with amyloid plaques 
and uncouples Trem2 upregulation with increasing plaque load, in
dicating that air pollution may exacerbate AD pathology primarily 
through impaired mechanisms of plaque restriction. We found 
that this decrease in microglial-plaque association exacerbated 
neuritic dystrophy and decreased expression of components of 
the acetylcholinergic system, one of the primary symptomatic tar
gets in AD. Further, we show that O3 exacerbates pathology in both 
the peri-plaque microenvironment, as well as plaque-distant envir
onment and dysregulates proteins associated with the plaque- 
clearing DAM phenotype. Surprisingly, in the lung, we found 
augmented immune cell infiltration in 5xFAD mice only, suggesting 
that ongoing AD pathology may augment peripheral immune 
response. Further transcriptomic investigation suggested that 
ongoing AD pathology may exacerbate the chemotactic responses 
in the periphery and augment the pro-inflammatory pulmonary 
immune profile in response to air pollution. The 5xFAD humoral re
sponse to O3 was also enhanced, where O3 upregulated circulating 
HMGB1 in only 5xFAD mice. Additional experiments revealed that 
peripheral HMGB1 regulates CNS Trem2 expression, highlighting a 
role for the periphery in the DAM phenotype. We speculate that 
the bidirectional aspect of the lung-brain axis may be driven by 
crosstalk between the CNS immune system and the peripheral im
mune system, where ongoing neurodegenerative pathology could 

lead to a primed immune state outside of the brain, perhaps 
through breakdown of CNS barriers leading to increased exposure 
of pro-inflammatory components of neurodegenerative pathology. 
Interestingly, this suggests that some of the peripheral markers of 
AD neuropathology could ultimately play a role, including neuronal 
contributions, emphasizing the importance of further research in
quiry. These findings have implications for AD and pulmonary co
morbidities such as COPD, asthma, and acute respiratory distress 
syndrome (ARDS). How air pollution inhalation impacts AD path
ology has been a critical question in the field for many years, and 
here we show that O3 exacerbates amyloid pathology at the level 
of the peri-plaque microenvironment and the lung-brain axis, 
where HMGB1 may be one of the peripheral factors that regulate 
the CNS (Fig. 7). We believe these findings provide much needed in
sight into the potential aetiology and pathobiology of AD and iden
tify the lung-brain axis as a potential target for therapeutic 
intervention. Future studies defining the types of air pollution ex
posure culpable and the necessary pulmonary response to impact 
AD neuropathology will be critical advances to the field.
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