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Abstract

Exposure to air pollutants has a direct impact on human health, resulting in increased mortality rates. Airborne
particulate matter (PM) has major adverse effects on health and can be classified as high-risk respiratory particles
(ine/PM, 5, aerodynamic diameter < 2.5 um) or thoracic particles (coarse/PM,,, aerodynamic diameter < 10 um). In
addition, airborne PM can carry microbial communities that alter the commensal microbiota and lead to dysbiosis.
Our aim was to synthesize the current research evidence describing the association between air pollution expo-
sure and the microbiome composition of the upper respiratory tract (URT) of the adult population. In this work,

a systematic search of the PubMed, EMBASE and Scopus databases was conducted. A total of 9 studies published
from 2018 to 2023 were included. 66.5% of the participants were exposed to PM, s concentrations higher than 40 pg/
m?, and data showed that PM, . atmospheric levels were positively correlated with PM;, (r,=0.95, p< 0.001). All

the reviewed studies performed 16S rRNA sequencing of the V3-V4 region from URT samples, using different
methods. Overall, evidence of URT microbiome alterations after high PM exposure was observed, with seasonal

and geographical influence. Discordant findings were found about bacterial diversity, with a predominant decrease
after exposure to high PM levels. Regarding microbiome composition, the relative abundance of the Actinobacteria
phylum declined following exposure to high levels of PM, but that of Bacteroidetes and Fusobacteria increased. The
studies showed a low-middle risk of bias due to heterogeneity regarding sample processing, sequencing methods,
and confounder control. To confirm the observed evidence of an association between PM levels and alterations

in the URT microbiome, we strongly recommend that future research work be conducted in accordance with stand-
ard guidelines for reporting microbiome studies. In summary, the entry of fine and coarse particles into the URT

is associated with microbial dysbiosis, increasing the risk of developing respiratory diseases and allergies.
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Air pollution is considered a major public health con-
cern, being the 13th cause of mortality worldwide, with
0.8 million deaths (1.4%) due to trachea, bronchus and
lung cancer; cardiorespiratory pathologies; or respira-
tory infections [1]. The term air pollution refers to a
combination of harmful substances such as particulate
matter (PM), nitrogen oxides (NOx), ozone (O3), sul-
fur dioxide (SO,), carbonaceous aerosols, polycyclic
aromatic hydrocarbons (PAHs), and heavy metals that
are directly emitted from primary sources or formed by
secondary photochemical reactions. Among them, the
component with the greatest adverse effects on human
health is PM, a complex mixture of chemicals, mineral
dust, microorganisms and other organic substances [2].

PM is classified according to its equivalent aerody-
namic diameter as thoracic particles (coarse/PM,)
with diameters<10 pm [3], and high-risk respiratory
particles, including ultrafine particles (UFP), with
diameters<0.1 pum, and fine particles (PM,;), with
diameters <2.5 um. Both, PM,, and PM, 5 are ingested
and deposited in the upper airway. Airborne PM acts
as a transmission vehicle for potential microbial path-
ogens into the respiratory system [4, 5]. Microbiome
communities vary with body location, and changes in

ment of several pathologies.

The upper respiratory tract (URT) is the main entry
way of environmental pollution in the human body.
PM, s owing to its size, can penetrate deep into the lower
respiratory tract (LRT). But as it passes through the
airways, exposure to PM, ; can induce epithelial altera-
tions, thus promoting inflammation and microbial dys-
biosis, increasing the risk of suffering URT’s affections
with symptoms such as runny nose, or cough [6, 7]. The
alteration of the epithelium bound to the carriage of
microorganisms by PM, ;, increases the susceptibility of
suffering respiratory infections [8, 9]. The colonization of
the habitat of healthy bacterial communities can induce
immune responses via Th17 cell activation, which leads
to inflammation and alteration of the bacterial compo-
sition of the URT [10, 11]. The inflammation triggered
after the exposure to high levels of either fine or coarse
particles is associated with an increase of inflammatory
respiratory disorders of the nasal cavity, like allergic rhi-
nitis and chronic rhinosinusitis [12—14]. In addition, once
PM, ; and UFP cross the URT, they can reach the lower
lung tract and travel through the alveoli to the blood-
stream [15]. Besides, the particles, specially PM, 5, can be
brushed up from the lungs by the mucociliary system and
reach the intestines [16], with the consequent shift on the
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intestinal microbiome [17]. As a consequence, PM expo-
sure is especially related not only to the development of
both respiratory and cardiovascular diseases [18], but
also to additional gastrointestinal inflammatory disorders
such as inflammatory bowel disease (IBD), colorectal
cancer, or appendicitis [2, 19, 20], as well as other organ
affections such as brain damage [21], and chronic kidney
and liver [22, 23] diseases.

Owing to the attribution of PM to all-cause mortality,
systematically reviewed for long-term exposure (defined
as months to years) [24] and short-term exposure (as
days to four weeks) [25, 26], in 2021, the WHO estab-
lished more restrictive recommendations for annual and
daily values: 5 pg/m® for PM, 5 and 15 pg/m® for PM,,
and a maximum daily exposure of 15 pg/m? for PM, .
and 45 pg/m? for PM;, [27]. On the basis of those recom-
mendations, countries should either establish their own
regulations or, within the European Union, follow the
EU Directive. As shown in Table 1, annual limits differ
among some countries from 5 to 25 pg/m? for PM, ; or
15-40 pg/m?® for PM,,, and daily limits vary in the range
of 15-35 pg/m? for PM, ; or 45-150 pg/m? for PM,,.

In the absence of systematic knowledge on the special
role of high-risk PM, we aimed to conduct the first sys-
tematic review investigating the effects of exposure to
elevated PM levels on the upper respiratory tract micro-
biome and its potential associated health consequences.

Methods

Protocol and registration

This systematic review was performed according to the
Preferred Reporting Items for Systematic Reviews and
Meta-Analysis of Diagnostic Test Accuracy (PRISMA-
DTA) guidelines and registered on PROSPERO
(#CRD42023416230).

Eligibility criteria

The research question was developed via the PICO struc-
ture (Participants, Interventions/Exposures, Compari-
sons and Outcomes). The PICO question of this review
was “How does airborne particulate matter exposure
impact the composition of the human upper respira-
tory tract microbiome?”. The inclusion criteria were as
follows: (1) randomized clinical studies and/or observa-
tional studies; (2) studies that performed 16S rRNA high
throughput sequencing to determine the relative abun-
dance of microbial phyla from nasopharyngeal or oro-
pharyngeal samples; (3) studies including adults older
than 18 years; and (4) studies assessing PM,. and/or
PM,, exposure. The exclusion criteria were as follows:
(1) studies without available 16S rRNA raw sequenc-
ing data or microbial abundance values; (2) microbiome
studies on non-URT locations/tissues; (3) studies without
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quantitative published data on the PM exposure concen-
tration; and (4) studies with data published in abstracts
only or presented as slides, posters, or letters.

Information sources and search strategy

Studies were identified by conducting a systematic search
through Medline/PubMed, EMBASE and Scopus for
research articles published until September 2024. The
search strategy used keywords, controlled vocabulary,
and Boolean operators to describe each intervention and
outcome of interest. The search was conducted through
articles published in PubMed, EMBASE, and Scopus,
with the search terms “(‘shot-gun’ OR ‘16s” OR “RNA,
Ribosomal, 16S” [MeSH Terms] OR ‘sequenc* OR ‘diver-
sity” OR ‘richness’ OR ‘abundance’) AND (‘microbiome’
OR ‘microbi* OR “microbiota” [MeSH Terms]) AND
(‘upper respiratory’ OR ‘pharyngeal’ OR ‘nasal’ OR ‘orop*’
OR ‘oral’ OR ‘buccal’) AND (((“particulate matter”[MeSH
Terms] OR (‘particulate’ AND ‘matter’) OR ‘particu-
late matter’) AND (2.5" OR ‘10’)) OR ‘pm2.5’ OR ‘pm10’
OR ‘air pollution’” OR ‘airborne particle’)” The records
obtained were screened on the basis of title and abstract.
Eventually, full-text articles were assessed for admissibil-
ity based on the eligibility inclusion and exclusion criteria
previously established.

Data extraction

Data extraction from the included papers was performed
and independently cross-checked by two investigators
(S.A.L. and R.R.). The reference limit values for the per-
missible ambient concentration of PM were compiled by
two researchers according to current Ambient Air Qual-
ity regulations (B.N.C. and S.G.D.S.). When the data
were unclear or in doubt, other researchers (A.F.R. and
V.B.) were consulted to reach a consensus. In an attempt
to include the majority of studies and to complete any
incomplete or missing data, the authors of individual
studies were contacted by S.A.L. up to three times. Stud-
ies that fulfilled the inclusion criteria but whose results
were not provided after three attempts to contact the
study authors were excluded. When more than one paper
studying the same cohort was found, only the study
with the most extensive cohort was included, excluding
the remaining overlapping studies or data. Data were
recorded and managed via Excel spreadsheets, references
were managed with EndNote software, and data analysis
and visualization were performed with RStudio.

Outcomes and prioritization

This review evaluated the changes in the microbial phyla
composition of the URT (oro- or naso-pharyngeal sam-
ples) associated with high exposure to PM, ; and/or PM,,
in adult subjects.
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In accordance with WHO recommendations and con-
sidering the highest admitted levels for high-risk respira-
tory particles in urban settings worldwide, in this study,
the established cutoff for PM, ; exposure was 40 pg/m?,
and population groups were classified as ‘low exposure’
([PM, 5] <40 pg/m?®) or ‘high exposure’ ([PM, ] >40 pg/
m?). Considering previous evidence of a positive correla-
tion between PM, ; and PM,, atmospheric concentration
[28, 29] and the strong Spearman correlation obtained
with our data (see "Characteristics of the studies included
in the systematic review" section), we assume that the
stablished cutoff would also let us accurately classify the
studies according to PM,, exposure levels.

Risk of bias in individual studies

The quality of the selected studies was estimated based
on the Collaboration for Environmental Evidence Criti-
cal Appraisal Tool (CEECAT), which was developed for
the assessment of the effectiveness of interventions or
impacts of exposures in environmental management.
CEECAT consists of a question checklist divided into 7
criteria: risk of (1) confounding biases, (2) postinterven-
tion/exposure selection biases, (3) misclassified compari-
son biases, (4) performance biases, (5) detection biases,
(6) outcome reporting biases, and (7) outcome assess-
ment biases. The overall risk of bias was classified as fol-
lows: (i) low risk when all 7 individual criteria had a low
risk of bias; (ii) medium risk if at least one criterion had a
medium risk of bias; and (iii) high risk if at least one cri-
terion was classified as having a high risk of bias.

To assess the quality of the reporting of metagenomic
studies, the “Strengthening the Organization and Report-
ing of Microbiome Studies” (STORMS) checklist (version
1.03) was used.

Data

Processed data were extracted from the manuscript or
supplementary material of each individual study, which
included the phylum relative abundances of the bacterial
community, family and genus principal findings, alpha
diversity values, beta diversity values and any additional
outcomes when available. When a study investigated
multiple exposure subgroups within a single PM expo-
sure category within this systematic review, the relative
abundances of that study were estimated as the geomet-
ric mean of the reported values.

When available, 16S rRNA sequencing raw data from
control subjects (those with no reported medical con-
dition or antibiotic use in the previous month) were
extracted from public repositories and reanalyzed to
obtain relative abundance values. Downstream analyses
were carried out with the online platform Galaxy. Pair-
end sequences were trimmed at the start of each read by
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21 nt to eliminate primer sequences, and forward/reverse
reads were truncated with an overlap of 30-40 nt. Subse-
quent filtering was performed via the statistical software
R (v 4.2.2) (www.r-project.org), following DADA2 pipe-
line (v 1.30.0) [30]. Taxonomic assignment was carried
out through the GreenGenes (v 13.8) database. The data
filtering parameters were set to retain OTUs that appear
more than twice. Subsequently, read counts were normal-
ized within each sample using median sequencing depth,
before estimating relative abundances, using the phyloseq
package (v 1.46.0) [31]. Finally, relative abundance values
were obtained. Either the collected or recalculated rela-
tive abundance data are displayed as bar plots and forest
plot diagrams.

Results

Study selection

The initial literature search revealed 355 eligible stud-
ies. After duplicate removal, 225 remaining studies were
screened on the basis of article title, abstract and meth-
odology. A total of 24 studies were selected for full-text
eligibility, 15 of which were excluded for different rea-
sons: not providing PM data (n=8), a study protocol
yet to be conducted (n=1), a congress abstract (n=4),
a letter (n=1), or a description of different outcomes
from the same data of an already included study (n=1).
A summary of the literature screening process is summa-
rized in a PRISMA flowchart (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses, Fig. 1).

Characteristics of the studies included in the systematic
review
A summary of the characteristics of all included stud-
ies, including participant demographics and PM sam-
pling methods, is provided in Table 2. Briefly, the nine
studies were published between 2018 and 2023, two of
which were conducted in Italy and seven in China. The
total number of participants was 486 (66.5% belonging to
the ‘high exposure’ group), and all were exposed to real
environmental conditions, which include both PM, ; and
PM,,. As presented in Table 3, all studies reported PM, ¢
and PM,, levels of exposure except two [10, 32] that
reported only PM, ; levels. When both data were avail-
able, PM,, concentration was positively associated with
PM, 5 levels (r,=0.95, p<0.001). Based on this correla-
tion and considering fine particles’ concentration as an
indicator of coarse particles’ [33], we decided to set the
exposure cutoff based on PM,; to guarantee availabil-
ity of quantitative data for all the nine studies (cutoff of
40 pg/m?).

Two studies analyzed microbiome alterations after a
high-pollution episode, but PM, ; levels both before and
after the high-pollution episode were above 40 pg/m3
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Records identified from database search:

e Pubmed (n = 50)
o EMBASE (n = 162)
e Scopus (n =75)

Records after duplicates removed:
n =190
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Excluded based on reviewing

» title, abstract and methods
l (n = 165)
Full-text articles assessed for eligibility:
n =24
Article excluded, with reasons (n = 15)
” No PM data (n = 8)
\ 4 Study protocol (n = 1)

Studies included in review
n=9

Congress abstract (n = 4)
Letter (n = 1)
Duplicated raw data (n = 1)

Fig. 1 PRISMA flowchart showing the screening process for the inclusion of selected studies

[34, 35]. In both longitudinal studies, same individuals at
different time points were involved. Although Zhao et al.
[10] performed their study during the winter season for
two consecutive years, the individuals involved were dif-
ferent, defining their study as cross-sectional. Further
data on the air pollutants and weather conditions meas-
ured in each study are included in Table 3.

Most of these studies reported microbiome composi-
tion in subjects with no described respiratory disorders,
but two of them analyzed the impact of PM exposure
on allergic rhinitis (AR) patients [14] and patients with
asthma [10]. Finally, one study investigated the effect
of azithromycin treatment on microbiota resilience to
ambient pollution [10, 36].

All PM measurements were recorded in urban loca-
tions. However, Mariani et al. [37] assessed PM levels
with a combination of an urban monitoring station and
personal sampling devices, so we cannot confirm that all
the measurements in their study came from a city area
[37].

Microbiome analysis methods

Microbiome sampling was performed from the URT in
all the studies via different methods (Table 2). To reduce
heterogeneity, only oral wash data reported by Du et al.

[36] were selected for analysis, and sputum samples
were discarded. The nasal, oral, nasopharyngeal and oro-
pharyngeal microbiomes are considered equivalent habi-
tats for the study of the upper respiratory microbiome.

As shown in the STORMS metagenomic check-
list (Additional file 1), all studies included an adequate
description of the study design and participants. The
time of storage before DNA extraction was not reported
in any of the studies, which is a potential bias for DNA
integrity. All the studies amplified the 16S rRNA V3-V4
region using different primers, and all the reported
sequencing methods used were conducted on the Illu-
mina HiSeq platform [34], Illumina NovaSeq 6000 plat-
form [38], Ion S5 XL platform [35], and Illumina MiSeq
platform in the rest of studies. Raw sequencing data in
public databases were only available for two studies [14,
36]. For the remaining studies, raw sequencing data were
not provided after three contact attempts. A summary of
the methods used for DNA extraction, sequencing, bioin-
formatic and statistical analysis is collected in Additional
file 2.

Alpha-diversity was analyzed in all studies by the
Chao 1, Simpson and Shannon indices, except one [36],
who reported only the Shannon index. Additionally, the
ACE index [10, 32, 34, 38, 39], whole-tree phylogenetic
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Table 3 Summary data of air pollutants and weather conditions described in the included studies
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Study Exposure PM, 5 (ug/m3) PM,, (ug/m3) NO, (ug/m3) SO, (ug/m3) Os(ug/m3) Temperature ('C) Humidity (%)
Subgroup within
the individual
study

Mariani et al. [37] 36.5 483

Marianietal. [14]  Healthy subjects 149 229
(HS)
Allergic rinitis (AR)

Lin et al. [38] Low 203+6.5 4594245 23.7+137 77124 719+418 255+£59 684+15.1
High 59.1+8.1

Lietal. [39] Region A 72.5 100 N.A N.A N.A
Region B 72.5 100 N.A N.A N.A
Region C 925 135 N.A N.A N.A

Qin et al. [34] Pre-smog 80-128 150
Post-smog 217-287 314-416

Zhao et al. [32] SSM 101.0 (0.9) 41.1 (4.5) 14.2(1.0) 933(224) 89(1.0 64.2 (2.6)
S, D7 85.1(2.7) 41.1(11.3) 14.0 (3.7) 117.7 (29.6) 10.9(0.9) 62.7 (11.7)
S, D0 110(12) 46 (21) ( 2) 52(152) 6.5 (10.5) 77 (18)
FEM 32.7(2.3) 452 (0.8) 2(0.8) 1652 (21.1) 224(04) 63.6 (0.2)
F.D7 287 (1.1) 45.2(0.8) 106 (3.2) 924(27.8) 206(1.1) 83.6(154)
F, DO 22 (19.5) 36 (11.25) 13 (2.25) 155 (4.5) 23.0(2.6) 64 (12)

Zhao et al. [10] W1, M 1009+12.6 48.1+80 19.8+3.1 663+148 47+36 53.0+55
W1, D7 95.1+343 49.4+8.1 184+53 828+474 57147 56.6+154
W1, DO 73.2+30.7 51.8+20.2 180+5.2 919+589 92+78 5574198
W2, M 109.7+£6.5 63.8+3.1 181+14 458+1.7 32+24 545+46
W2, D7 1105+£314 68.0+7.7 182+35 453495 20+£23 520+6.1
W2, D0 97.0+51.0 744+178 215455 4534230 35+£32 46.0+10.2

Du et al. [36] DO 5(6) 32(15) 11.2(2.9) 27 (12)
D30 90 (36) 213 (159) 3.8(24) 51 (37)
D60 21(23) 59 (37) -4.8(3.6) 26 (13.8)

Lietal. [26] S1 2226+£1119  1344+590 546+29.0 291137 101.2+£722 266+29 575+156
S2 99.1+67.8 111.4+685 527+234 458+178 2374242 58+36 36.8+15.1

N.A: recorded data not publicly available. Values are reported as absolute numbers (percentages), means + standard deviations, or medians (interquartile ranges)

diversity [14, 34, 37], equitability [35], and observed rich-
ness [14, 34, 36] were used to display the results. How-
ever, one study did not publish any diversity index results
[39].

Analysis of microbiome alterations due to particulate
matter exposure

The principal findings reported by the reviewed studies
are summarized in Table 4. In the following sections, we
specify the most relevant data regarding microbial diver-
sity and composition.

Microbial diversity

Discordant findings are described throughout the stud-
ies in relation with microbial diversity. First, three studies
described a significant increase in bacterial diversity after
exposure to high PM levels, reaching significance levels

in two of them (richness-based metrics: p<0.001 [34]
and p=0.005 [10]; phylogenetic diversity: <0.05 [34]). In
contrast, three studies indicated that exposure to high
levels of PM translated into a reduction in alpha diversity
indices (richness-based metrics: p<0.01 [35, 38], p<0.25
[37]; phylogenetic diversity: p <0.01 [37]).

Of note, Mariani et al. [14] compared the variations in
bacterial diversity among allergic rhinitis patients (AR)
and healthy subjects (HS) and reported a greater intra-
group distance distribution in AR patients, probably due
to their disease condition. This led to a positive asso-
ciation between PM, ; levels and richness and evenness
indices only in AR patients (p=0.01 and p=0.04), while
alpha-diversity indices decreased in HS (p=0.03 and
p=0.04).

No statistically significant differences in alpha-diversity
were reported in the rest of studies. An illustration of the
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general trends in alpha-diversity is included in Additional
File 3.

Microbiome composition

Taxonomy was heterogeneously reported, as most of the
studies revealed different outcomes linked to PM expo-
sure, whereas two of them [35, 38] did not report any
abundance data. Only two studies have publicly avail-
able 16S rRNA raw sequencing data (BioProject acces-
sion numbers PRJNA646474 [14] and PRJNA565553
[36]). Raw sequencing data of control subjects from the
abovementioned projects were analyzed as previously
described to achieve greater homogeneity of the microbi-
ome composition results.

The available data for microbiome composition at
the phylum level are summarized in Fig. 2, and those at
the phylum level are shown in Fig. 3. Additionally, the
microbiome composition gather by the available PM,,
data is included in the Additional file 4. First, relative
abundances were compared by PM exposure level. In
the low-exposure group, Firmicutes (24.8-40.9%) and
Proteobacteria (13.9-35.9%) were the dominant phyla.
Actinobacteria (3.6—-45.3%) presented the greatest vari-
ability among the low-exposure group, representing the
main phylum among the Italian population, as depicted
in Fig. 2A (studies conducted by Mariani et al. and Addi-
tional file 5. The abundances of Bacteroidetes (0.2—18.0%)
and Fusobacteria (0.03—11.3%) also varied, whereas those
of Cyanobacteria (0.01-0.4%) were almost irrelevant.

T

High PM Exposure

100 -—.-—

Low PM Exposure

(42}
o

N

Relative abundance (%)
(4]

Relative abundance (%)

0

Author

a
o

N
(%))

100
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In contrast, the abundance of Bacteroidetes was greater
in the high-exposed population (10.2-22.6%). Although
the results of Zhao et al. [10] represented the lowest sce-
nario for Bacteroidetes, the authors reported an increase
in this phylum after high PM exposure. The most repre-
sented phyla within the high-exposure studies were Fir-
micutes (23.8-43.1%) and Proteobacteria (14.9-33.4%).
Actinobacteria (5.0-15.3%) and Fusobacteria (3.1-14.1%)
were equally represented in the URT of individuals
exposed to high levels of PM. Again, Cyanobacteria
(0.1-0.6%) presented the lowest representation. Notably,
no data were available in some of the studies concerning
Cyanobacteria and Fusobacteria, probably because of the
insignificant abundances obtained. Firmicutes was the
phylum with less variance observed among the low- and
high-exposure groups (Fig. 3A).

Secondly, we noticed that the time of year when sam-
ples were collected varied among the reviewed studies.
To consider this factor, the data were grouped by sea-
son. As shown in Fig. 3B, during the fall season, a slight
increase in Firmicutes and Fusobacteria was observed
compared with those in the winter and spring; Firmi-
cutes was the first most abundant phyla in the URT in
fall, whereas the abundance of Actinobacteria was lower
in this season. The abundance of Proteobacteria was also
slightly greater during fall. In contrast, during spring,
Fusobacteria and Bacteroidetes were underrepresented
compared with those in winter/fall. With respect to
winter, greater variations in relative abundances were
observed for all phyla, without a clear trend. None of the

Winter Spring Fall
- — T - N N —
Phylum
. Other
Proteobacteria
. Fusobacteria
. Firmicutes

- Cyanobacteria
. Bacteroidetes
. Actinobacteria

2D D O O N
N N N Q &V / \/ \/ 7
S S S @ S @ AN
v \Q \Q Q/Q \Q/ ‘19 QWQ Qq’ N4
N T G R R
G N NN
N .. (4 N > e N X
N S S 3 3 )
[ & & RSN
AR S & O 9
O
Author

Fig. 2 Differences in the distribution of the upper respiratory microbiome composition at the phylum level by PM exposure (left panel a)

or by season (right panel b), where “Zhao H. (2020a)"is a study in healthy adults [32], and “Zhao H. (2020b)"the study on adults with asthma [1

ql,

subdivided into low (L) and high (H) subgroups. The data are presented as the relative abundances (%) observed for each phylum
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Fig. 3 Differences in the distribution of the upper respiratory microbiome composition by phylum among the high- and low-exposure groups (left
panel a) or among the sampling seasons (winter, spring, and fall, right panel b). The data are presented as the relative abundances (%) estimated
from raw data [14, 36] or reported by the individual studies (rest), for each phylum

studies determined microbiome composition at the phy-
lum level during the summer.

Additionally, since studies were performed either in
Italy or China, a comparison of the composition of the
URT microbiome between both countries showed that
Actinobacteria and Bacteroidetes were differently distrib-
uted depending on location (Additional file 5). Specifi-
cally, Actinobacteria relative abundance was 2-3 times
higher in Italy than China, while Bacteroidetes abun-
dance was reduced. These findings indicate that loca-
tion may affect the interpretation of the effects of PM on
those phyla.

Only four studies analyzed the microbiome composi-
tion at the family level, with discrepant results. Some
authors have reported significantly positive associations

of Moraxellaceae (p <0.05) [37] and Veillonellaceae (LDA
score >4.0) [34] with the PM concentration, while others
reported a significantly negative association for Veillonel-
laceae (p<0.05) [39]. In line with these findings, most of
the studies reported that the Moraxella genus abundance
presented a positive association with PM levels [34, 37,
39], except two that reported a decrease in Moraxella
genus and Moraxellaceae family associated with PM, .
[10, 35]. With respect to other genera, each study detailed
different variations, which are summarized in Table 3.

Quality appraisal

The quality of the selected studies was analyzed via the
CEECAT tool. The detailed quality evaluation can be
found in Additional file 6. Briefly, the CEECAT tool
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revealed that all studies had a low risk of bias in terms
of study group representation, statistical analysis, expo-
sure assessment methods, and outcome assessment and
reporting. It was unclear if the data analysts were aware
of the exposure level of each study group or if a blind
analysis of the data was performed, except for Du et al.
[36], who clearly stated that the entire study was double-
blind. Therefore, a medium risk of bias was considered in
the remaining studies. Multiple air pollutants (SO,, NO,,
CO, and O;) as well as weather conditions (temperature
and humidity) are considered potential confounding fac-
tors. The mentioned confounders were not examined in
three studies [14, 34, 37], indicating a high risk of intro-
ducing bias in the study of the outcome effects.

As recorded in Table 2, the exposure assessment
method varied among all the studies. This leads to dis-
tinct uncertainty levels related to the PM sampler used,
which was considered a limitation in pollution data
comparisons.

Covariate data relevant to the respiratory microbiota
Lifestyle behaviors Most of the studies considered
patients’ smoking habits (n=8/9) [10, 32, 34—39], and five
excluded patients from the microbiome study because of
smoking (n=5/9) [10, 35, 36, 38, 39]. Additional lifestyle
factors, such as drinking [38], taking supplements [38], or
illicit drug use were considered in individual studies [14,
37].

Antibiotic treatment for a month was recorded in six
studies (n=6/9) [10, 32, 34-36, 39], and only four of
them excluded subjects because of antibiotic use [10, 32,
35, 39]. Qin et al. [34] did not exclude subjects with anti-
biotic use but determined that this factor did not have
significant effects on the microbiome composition after
exposure to high PM levels. Du et al. [36] specifically
studied the effects of antibiotic use on the microbiome,
as well as the recovery of the upper respiratory microbi-
ome one month after treatment.

Comorbidities and medical conditions Different health
conditions were considered among the studies. The most
common exclusion criteria were cardiovascular and res-
piratory diseases such as asthma, chronic obstructive
pulmonary disease (COPD) or pneumonia (n=7/9) [10,
14, 32, 35, 36, 38, 39], besides additional medical condi-
tions such as diabetes, autoimmune diseases, cancer [39]
or pregnancy [14]. One of the studies in the low-exposure
group collected data related to the health condition of
the selected subjects, but they did not report any spe-
cific exclusion criteria [37]. One study did not report
any comorbidities or medical conditions of the subjects
exposed to high PM levels [34].
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Discussion

This is the first systematic review of the influence
of PM exposure level on the URT microbiome. Our
results revealed that the URT microbiome composition
and diversity are modified after exposure to high PM
concentrations.

This systematic review summarized evidence for a total
of 486 individuals from 9 different studies and revealed
a slightly predominant negative association between
microbiota diversity and exposure to PM for individu-
als with PM, - concentrations greater than 40 pg/m?® and
the correspondingly elevated PM,, levels. Although the
40 pg/m? threshold established in this systematic review
is slightly higher than the threshold recommended by
the WHO, even with looser thresholds, the effects are
noticeable.

About microbial diversity, Mariani et al. [14] reported
a positive association between microbiome diversity
and PM in AR patients even at lower exposure lev-
els, explained by the dysfunctional microbiota of those
patients, which makes them more susceptible to micro-
biome alterations. Nevertheless, there was a slight pre-
dominant decrease in diversity among the reviewed
studies after high PM exposure. We must consider that
each individual study used their own criteria of “high”
and “low” exposure, which led to different outcomes
across the single studies.

In terms of microbiome composition, previous works
have reported that Actinobacteria and Firmicutes are
the predominant phyla in the nasopharynx microbiome
of healthy individuals [40, 41], whereas in the oral cav-
ity, the prevalence of Actinobacteria is lower than that
in the nasopharynx, and Firmicutes is dominant, fol-
lowed by Bacteroidetes and Proteobacteria [42]. In this
systematic review, we identified a predominantly lower
relative abundance of the Actinobacteria phylum among
subjects exposed to high PM concentrations, but a clear
dominance of this phylum in nasal swabs collected
under low-PM conditions [14, 37]. In general, the most
dominant phylum was Firmicutes, characterized by the
production of spores, which make it resistant to harsh
conditions and easily spreadable; however, microbial
cells are more difficult to lyse, which leads to underrep-
resentation in metagenomic analysis [43]. This issue can
explain the lack of a clear trend among the Italian stud-
ies related to Firmicutes phylum abundance. In contrast,
the phylum Bacteroidetes was more represented in sub-
jects exposed to high PM concentrations. The increase in
Bacteroidetes is explained by its predominance in soils
[44] which are carried on dust particles that are ulti-
mately inhaled by humans. Bacteroides spp. are common
commensal bacteria in the gut but can be opportunistic
pathogens when displaced to different locations, such as
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the oral cavity, and are associated with infections such as
pneumonia, chronic sinusitis and otitis, as well as lung
and brain abscesses [45, 46]. Regarding Proteobacteria,
a slight increase was observed associated with high PM
exposure. Overgrowth of Proteobacteria has been pre-
viously associated with asthma [12]. In fact, in one of
the included studies whose population was exposed to
high PM levels, their subjects suffered from asthma and
indeed presented high levels of Proteobacteria [10]. With
respect to Cyanobacteria, its medium abundance was
two times lower among low-exposure studies. This phy-
lum has a low abundance (<0.08%) in healthy subjects
[41], so the absence of data for Cyanobacteria in some of
the reviewed studies is likely due to an insignificant con-
tribution to the overall microbial abundance. The lack of
differences observed at the phylum level between low and
high exposure by Du et al. [36] may be due to the short
period of exposure to low PM levels (less than a month),
highlighting the long-lasting influence of short-term
exposure to high airborne particles in the upper respira-
tory microbiome.

Nevertheless, we must also take into account the influ-
ence of the year season at the time of sampling. The most
homogeneous microbiome composition was observed
across studies conducted in fall, with an increase in Fuso-
bacteria and Firmicutes, whereas Fusobacteria presented
the lowest representation in spring. Our results par-
tially agree with those of previous studies, that reported
a predominance of Fusobacteria and Proteobacteria in
children during fall [47]. However, Bogaert et al. (2011)
described a predominance of Bacteroidetes and Firmi-
cutes during spring, a trend not observed in this system-
atic review. In fact, two of the studies conducted during
winter season [34, 39] reported the highest representa-
tion of Bacteroidetes, a phylum that increases the risk of
opportunistic infections in the oral cavity [45, 46].

With respect to genus representation, most of the stud-
ies reported a positive association between PM exposure
and Moraxella abundance, except for Zhao et al. [10],
and a negative association with the commensal bacteria
Prevotella spp. [10, 34, 39]. In the Moraxella genus, the
common human respiratory tract pathogen Moraxella
catarrhalis [48], together with Haemophilus influenzae
and Streptococcus pneumoniae, are usually found in chil-
dren with otitis media and sinusitis [49], but also in the
oro- and nasopharyngeal microbiome of elderly individu-
als, with impact on their respiratory health [50]. High-
pollution episodes such as smog periods can enrich the
nasopharynx microbiome in these genera, as reported
by Qin et al. [34], contributing to the development of
severe respiratory diseases in populations at risk. Sea-
sonal changes in the airborne microbiota promoted by
meteorological fluctuations also modify the respiratory
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microbiome, with higher microbial diversity observed
during winter [51], but also higher levels of airborne bac-
teria, such as Streptococcus, throughout this season [52].
This seasonal variation has also been associated with
the exacerbation of asthma in both children and adults
during fall and winter [53, 54]. Asthmatic patients were
included in the study by Zhao et al. [10] during the win-
ter, which must be considered a main factor influencing
microbiome composition, together with the high PM, ¢
exposure levels experienced by this population group.

The seasonality of the microbiome, which is associated
with high PM exposure, leads to predominant coloniza-
tion of the upper respiratory microbiome by pathogenic
bacteria during winters, displacing beneficial microbes
such as Prevotella [32, 34, 39], which has been proposed
as a protective bacterium against S. pneumoniae [55].
Besides the microorganisms carried by PM, previous
studies have reported a seasonality in the PM, ; chemical
composition [56], an alternative way in which PM, ; may
alter the airway epithelium, and afterwards its microbi-
ome. Further studies in which both PM, ; chemical and
biological composition are determined, together with
URT microbiome of people exposed, would be of value
to further understand the mechanisms involved. Never-
theless, in general the composition of the microbiome is
distributed more homogeneously by season than by PM
exposure, indicating that season predetermines a particu-
lar microbiome composition. Because of that, seasonal-
ity must be considered as an influential factor of URT
microbiome.

As reflected by Qin et al. [34], wearing masks is a fun-
damental barrier to avoid microbiome modifications
caused by high pollution episodes, thus reducing the risk
of respiratory infections. We must not forget the impact
of the exposure to other environmental pollutants, such
as NO,, which increases the abundances of mostly Actin-
omyces, Actinomadura and Actinocorallia (Actinobacte-
ria phylum) and Acinetobacter (Proteobacteria phylum)
[10]. Nevertheless, PM has been described as the major
cause of respiratory health disorders among air pollut-
ants [2, 57-59], so there is enough evidence to infer that
the main alterations in the respiratory microbiome are
due to PM exposure.

However, we should not ignore the geographical varia-
tion. All the studies were conducted in China except for
two research studies by Mariani et al. [14, 37], which took
place in Italy. This has led to potential bias in the results,
as reflected by the different distribution of Actinobacteria
and Bacteroidetes between countries, which may be con-
founded by geographical location, ethnicity and different
genetic backgrounds of the participants involved, as well
as by dietary patterns. For example, owing to the high
prevalence of lactose intolerance in the Middle East, the
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Chinese diet does not include many dairy products [60].
There is wide knowledge on how diet can modulate the
gut microbiome [61], but little is known about its influ-
ence on the respiratory flora. Daniele et al. [62] compared
the salivary microbiota between vegan and Mediterra-
nean diet patterns, and reported an enriched microbiome
in people following a Mediterranean diet [62]. In addi-
tion, the gut-lung axis has been recently studied, reveal-
ing a potential link between the gut microbiome and lung
diseases [63, 64]. These findings indicate that dietary pat-
terns may influence the respiratory microbiome. Since
both Italian studies belong to the low-exposure group,
this must be considered a potential risk of bias in the pre-
sent study.

In summary, the altered URT microbiome of people
exposed to high PM levels reflected in this review may
be the result of the colonization by new bacteria and
the partial elimination of the host microbiome. Apart
from direct microbiome alteration, previous studies have
reported additional outcomes triggered by the inhala-
tion of airborne particulates, that include the activation
of proinflammatory responses [14, 35, 38]. Altogether,
would increase the susceptibility of the population
exposed to high levels of airway pollution to respiratory
infections and allergies.

Limitations

To correctly interpret the main outcomes obtained in this
systematic review, several limitations across the studies
should be considered. First, exposure assessment devices
differed among studies, which implies that PM measure-
ments have non-heterogeneous deviations. As stated in
the European air quality regulation, the measurement
of PM, - levels with reference gravimetric systems has
a legal maximum uncertainty of 25% at the limit value.
Since the European equipment used for PM measure-
ment must adhere to the mentioned regulations and it is
subjected to regular intercomparisons with US and Chi-
nese equipment, the PM concentration data included in
this review can be considered equivalent. Second, the
lack of publicly available raw 16S rRNA sequencing data
and the different software and reference databases used
for the analysis of 16S rRNA sequences across the stud-
ies, along with the lack of full information about the
parameters employed during the data trimming and fil-
tering process, make it impossible to perform a proper
statistical analysis of the microbiome data. Third, this
revision identified an important shortage of confounder
control in most of the studies, which has been considered
a risk of bias in the present systematic review. First, air
pollution includes not only PM but also O3, NO, NO,,
CO, and SO,, which should be taken into consideration.
Additionally, inhalation of cigar smoke and antibiotic use
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have important impacts on the respiratory tract micro-
biome [65], but not all studies have considered these
factors as exclusion criteria for their study population.
Additionally, asthma patients were included in one study,
so those differences in population characteristics consti-
tute a limitation of the present systematic review. Finally,
different sample types were included in the selected stud-
ies, although only unstimulated saliva or swab samples
were analyzed to reduce sampling bias [66]. There is a
lack of studies conducting microbiome analysis on lower
respiratory tract locations, such as sputum samples,
which precluded its inclusion on this systematic review.
All these limitations must be taken into consideration as
important biases for the comparison of the main findings
of the selected studies and highlight the necessity of con-
ducting further research on the respiratory microbiome
with a well-established study design that considers all
potential confounders.

Recommendations

It would be of great interest, as guidance for the proper
study of the upper respiratory microbiome and on the
basis of the STORMS quality guidance, that the follow-
ing considerations should be taken into account: 16S
rRNA sequencing studies should upload their raw data
sequences on open databases, as a claim for science data
transparency to conduct accurate meta-analysis; detailed
workflow of the sequencing process (sample shipping and
storage time and conditions, RNA extraction and ampli-
fication protocols specifying the 16S rRNA target region,
and parameter settings during 16S rRNA sequence trim-
ming, filtering and data normalization, which can be
provided as open source code) should be reported; and
finally, all potential confounders should be controlled
throughout the study, which includes additional pollut-
ants, antibiotic use, smoking, or any respiratory-related
disease conditions of the individuals participating in the
study.

With further and well conducted research, we will
overcome the shortage of respiratory microbiome studies
that consider PM exposure, reflected in the low number
of studies included in this systematic review (n=9).

Conclusion

In conclusion, exposure to highly polluted urban areas
with elevated PM levels has a direct effect on the upper
respiratory tract microbiome balance, which may have
associated health consequences such as inflammatory
respiratory disorders like allergic rhinitis, rhinosinusitis,
or severe respiratory infections.
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