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Abstract: Adverse health outcomes caused by ambient particulate matter (PM) pollution occur in
a progressive process, with neutrophils eliciting inflammation or pathogenesis. We investigated
the toxico-transcriptomic mechanisms of PM in real-life settings by comparing healthy residents
living in Beijing and Chengde, the opposing ends of a well-recognised air pollution (AP) corridor in
China. Beijing recruits (BRs) uniquely expressed ~12,000 alternative splicing (AS)-derived transcripts,
largely elevating the proportion of transcripts significantly correlated with PM concentration. BRs
expressed PM-associated isoforms (PMAIs) of PFKFB3 and LDHA, encoding enzymes responsible
for stimulating and maintaining glycolysis. PMAIs of PFKFB3 featured different COOH-terminals,
targeting PFKFB3 to different sub-cellular functional compartments and stimulating glycolysis.
PMAIs of LDHA have longer 3′UTRs relative to those expressed in Chengde recruits (CRs), allowing
glycolysis maintenance by enhancing LDHA mRNA stability and translational efficiency. PMAIs
were directly regulated by different HIF-1A and HIF-1B isoforms. BRs expressed more non-functional
Fas isoforms, and a resultant reduction of intact Fas proportion is expected to inhibit the transmission
of apoptotic signals and prolong neutrophil lifespan. BRs expressed both membrane-bound and
soluble IL-6R isoforms instead of only one in CRs. The presence of both IL-6R isoforms suggested a
higher migration capacity of neutrophils in BRs. PMAIs of HIF-1A and PFKFB3 were downregulated
in Chronic Obstructive Pulmonary Disease patients compared with BRs, implying HIF-1 mediated
defective glycolysis may mediate neutrophil dysfunction. PMAIs could explain large variances of
different phenotypes, highlighting their potential application as biomarkers and therapeutic targets
in PM-induced diseases, which remain poorly elucidated.

Keywords: air pollution; alternative splicing; biomarker; neutrophils; resilience; transcriptome

1. Introduction

Ambient airborne particulate matter (PM) pollution (i.e., particles with a 50% cut-off
aerodynamic diameter of 10 microns; PM10) refers to the miasma of detritus from anthro-
pogenic (e.g., diesel exhaust (DE), coal fly ash (FA) and carbon black (CB) particulates) and
natural (e.g., volcanic ash, pollen grains and mineral dusts) sources, and is now considered
to be the largest environmental risk factor to human health in the 21st century [1]. It is
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causally linked by epidemiology to cardio-pulmonary morbidity and mortality [2] and
increases risks for multiple chronic diseases (e.g., chronic obstructive pulmonary disease
(COPD) [3], cancer [4] and diabetic syndromes [5]) leading to 7 million [6] (i.e., ~4 million
deaths attributed to ambient and ~3 million to household air pollution (AP)) recorded
deaths annually. Notably, these adverse health effects are reached in a progressive (i.e.,
chronic) exposure process, rather than intermittent toxic challenges. Inhaled PM can de-
posit in the alveoli of the lungs and trigger local inflammation, which in turn can lead to
systemic inflammation [7]. Inhalation exposure to ambient PM emissions derived from
anthropogenic [8–11], biogenic [12], geogenic [13–15] and technogenic [16,17] sources have
been shown to elicit systemic inflammatory responses that establish a primary line of de-
fence against inhaled exogenous environmental particulates. However, long-term exposure
may impair this defence line, thus promoting the progression of pathogenesis [18]. As a
result, we need to understand how the immune system properly reacts to PM and how this
reaction shifts to deleterious responses that comprise the mechanisms underlying how PM
puts human health at risk.

Neutrophils account for ~40%–60% of the white blood cell (WBC) population, repre-
senting the body’s primary line of defence when exposed to PM [19]. Recently, it has been
recognized that neutrophils play the role of a double-edged sword. When appropriately
activated, neutrophils secrete multiple pro-inflammatory cytokines to activate other lym-
phocytes (e.g., T-cells), along with expressing MHC Class II molecules to present antigen
to T-cells [20] and regulate other cell types (e.g., red blood cells; RBC) [21,22]. Otherwise,
they would release large numbers of tissue-damaging molecules, causing inflammation
and consequent pathogenesis progression [20]. In this respect, neutrophils serve as a
critical checkpoint in responding to PM. There have been human studies of global changes
in gene expression using RNA-seq following controlled exposures or using in vivo [23]
and in vitro models [24–26] that have provided some insights. Yet there is a paucity of
rigorously assessed investigations regarding the impact of PM on the gene expression of
neutrophils in “real-life” settings. Therefore, there is still no concrete biological plausibility
to explain the mechanisms underlying how neutrophils protect against PM and/or promote
pathogenesis.

In our pilot study, based on a hierarchical design of comparative toxico-transcriptomes
and physiological responses, we first characterized the neutrophil gene expression re-
sponses produced by alternative splicing (AS) in two groups of healthy city dwellers
living at the opposing ends of a well-recognized AP corridor beginning in Beijing (source)
and ending in Chengde (sink) [27]. We integrated these data with micro-environmental
measures of occupational exposure to three pollutants: (1) Chinese Air Quality Index
(AQI), (2) PM2.5 (particular matter with diameter ≤ 2.5 µm) and (3) PM10. Moreover, we
measured specific soluble inflammatory mediators using enzyme-linked immunosorbent
assay (ELISA) to help identify the genes and gene networks differentially activated in
response to these exposures. In addition, we investigated the associations between AS-
derived isoforms of interest and physiological responses. We believe that AS provides a
means of regulating environmental fitness to impart “resilience” in the face of continuous
inhalation exposure challenges to poor air quality. We further compared the AS-derived
transcripts between healthy recruits and COPD patients collected in Beijing, providing
insight into mechanisms underlying how neutrophil immune function becomes impaired
and promotes pathogenesis.

2. Materials and Methods

2.1. Study Design

All procedures followed were in accordance with the ethical standards of the responsi-
ble committee on human experimentation (institutional and national) and with the Helsinki
Declaration of 1975, as revised in 2000 (5). In order to reduce confounding factors, healthy
(i.e., non-smokers with no pre-existing cardio-pulmonary disease) recruits were selected,
ranging from ages 23 to 39.
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Beijing was chosen as the primary, highly polluted urban location since it is one of
the most intensely researched cities in the world. Chengde was selected as a comparison
site because it is at the end of a recognized geographical AP transportation route, and as
such, their PM compositions would be similar. Therefore, we characterized and compared
the air quality between the two cities, along with the transcriptomic responses among
Beijing recruits (BRs), Chengde recruits (CRs) and COPD patients from Beijing, aiming to
determine how transcriptomes respond to air pollution.

2.2. PM Monitoring and Characterization

The daily air quality data of Beijing and Chengde was derived from the Chinese
Government AQI website (https://www.aqistudy.cn/, accessed on 2 November 2017). Our
previous research [28–35] on the physiochemical characteristics of Beijing AP along with
other sources of current literature were utilized for PM characterization.

2.3. AP Transportation Time Assessment

An indication of the AP transport time can be derived using the data available from
Beijing airports (https://www.aqistudy.cn/, accessed on 2 November 2017) which show
that wind speeds are usually in the range of 6–8 mph, therefore the 110 miles transport to
Chengde will take less than one day. The conclusion that Chengde AP has a one-day lag-
time from Beijing pollution is reinforced by the AQI data for Beijing and Chengde [27]. The
Chinese Government AQI is a national algorithm and cannot be meaningfully compared to
other international AQIs [36].

2.4. Human Whole Blood Collection

Whole blood (10 mL) was collected using standard phlebotomy methods (WHO, 2010)
and with ethical permission granted by Beijing Chao-Yang Hospital REC. Blood was drawn
from the cephalic vein into a 10 mL CPT tube (Becton Dickinson, Franklin Lakes, NJ), an
evacuated blood collection tube system containing sodium citrate anti-coagulant and blood
separation media composed of a thixotropic polyester gel and a FICOLL™ Hypaque™
solution. Peripheral venous blood was obtained from healthy volunteers after obtaining
signed, informed consent. Peripheral venous blood of 10 COPD residents in Beijing was
also obtained in Beijing Chao-Yang Hospital.

2.5. Routine Blood Examination

Blood samples were collected from elbow veins of each participant in tubes containing
Ethylene Diamine Tetraacetic Acid (EDTA) to measure the blood parameters (e.g., haemat-
ocrit, haemoglobin concentration, white blood cells and heterophils) and stored at −80 ◦C
until use.

2.6. Lung Function Test

The lung function tests were performed with a Jaeger MasterScreen pulmonary func-
tion instrument (pneumotachograph; VIASIS, Würzburg, Germany) in strict accordance
with the American Thoracic Society/European Society of Respiratory Diseases guide-
lines [37]. Each subject completed at least 3 qualified lung function measurements, and
the best results were selected based on the performance of the subject and shape of the
curve [38]. The subjects were sequentially examined using an Impulse oscillation sys-
tem (IOS) spirometric flow-volume loop measurement. Parameters of the traditional
PFT recorded were as follows: forced expiratory volume in 1 s/forced vital capacity
(FEV1/FVC), FEV1 1% predicted (FEV1%pred), peak expiratory flow predicted (PEFpred)
and maximal mid-expiratory flow predicted rates (MEF75%pred, MEF50%pred, MEF25%pred
and MEF25/MEF75). The IOS parameters recorded included total respiratory impedance
[Z5%pred] and resistance [R5%pred, R20%pred and R35%pred] parameters.
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2.7. Correlation of Haematological Indices and AQI, PM10, PM2.5

To determine which haematological index responds to either AQI, PM10 or PM2.5, we
calculated the correlation of each haematological index and concentration of AQI, PM10
or PM2.5 using the cor function in R 3.3.3. AQI, PM10 and PM2.5 data were retrieved
from the website of China Air Quality Online Monitoring and Analysis Platform (https:
//www.aqistudy.cn/, accessed on 2 November 2017).

2.8. Isolation of Neutrophils and RNA Extraction

8 mL of blood was used for neutrophil isolation using the MACSxpress Neutrophil
Isolation kit (Miltenyi, Auburn, CA, USA) following the manufacturer’s protocol. RNA
was extracted from the isolated neutrophils using the TRIzol™ Reagent kit (Invitrogen,
Loughborough, UK) as per manufacturer’s guideline and then stored at −80 ◦C until
further use.

2.9. RNA Sequencing

The RNA was purified using Dynal Oilgo (dT) beads (Invitrogen) and then fragmented
into 350 bp fragments using RNA Fragmentation Reagents (Ambion, Austin, TX, USA), fol-
lowed by cDNA synthesis using random primers (Invitrogen), Superscript II (Invitrogen),
RNase H and DNA polymerase I, and further end-repair with Klenow polymerase, T4
DNA polymerase and T4 polynucleotide kinase (for blunt-ends of DNA fragments; Invitro-
gen). cDNA libraries were constructed following the manufacturer’s protocol (Illumina,
Los Angeles, CA, USA) and subjected to sequencing on a HiSeq2500 platform (Illumina,
Los Angeles, CA, USA) at Novogene. Raw data were filtered by removing adaptors and
reads with unknown nucleotides more frequent than 10% as well as those with low quality
(where PHRED values were less than 10 for more than 50% of the bases).

2.10. Transcript Quantification

Approximately 5 Gb cleaned data across 30 samples were aligned to the human
reference genome (GRCh38), combined with the known gene annotation (Ensembl87),
using improved version HISAT2 v.2.0.1 with parameters -N 0, -I 100, -X 600, -fr, -tmo [39].
Stringtie v.1.2.0 [40] was used with default parameters to reconstruct transcript annotations
across the genome merged with reference gene model. The expression of each transcript
was quantified as TMP (Transcripts Per Million) using RSEM v1.3.3 [41] and required
TPM ≥ 1 to be considered.

2.11. Correlation between Transcript Expression and PM2.5, PM10, AQI

For each expressed transcript, the correlations between its expression level and either
PM2.5, PM10 or AQI concentration were calculated using the cor function implemented
in R 3.3.3. PM2.5, PM10 and AQI were retrieved from the website of China Air Qual-
ity Online Monitoring and Analysis Platform (https://www.aqistudy.cn/, accessed on
2 November 2017).

2.12. ESE Identification

We first classified the AS-derived transcripts into three datasets: (1) expressed in all
BRs but none in CRs, referred to as BR specific transcripts; (2) expressed in all CRs but none
in BRs (CR specific transcripts); (3) expressed in all recruits (BR–CR shared transcripts).
For each dataset, we randomly chose 100 transcripts for ESE (exonic splicing enhancers)
identification using ESEfinder 3.0, a web-based software [42], followed by calculating
the frequency of each ESE. It is noted that CR specific transcripts were excluded for ESE
identification because only seven transcripts were identified.

2.13. DET (Differentially Expressed Transcript) Identification

We used four methods to identify DETs between the Beijing and Chengde populations
due to the large amount of biological variation between the individuals sampled. In this
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respect, to obtain a DET set with high reliability, we applied multiple tests to highlight only
the most supported DETs [43]: edgeR-robust version 3.14.0 [44] and DESeq 2 [45] based on
exact tests, a non-parametric test in SAMseq version 3.0 [46] and an empirical Bayesian
analysis using Limma version 3.13 [47]. A total of 5397 robust DETs were supported by
all four methods and were used in downstream analysis. KEGG enrichments for down-
regulated DETs were conducted using a hypergeometric test.

2.14. Variance Analysis of Physiological Phenotypes

To identify the isoform of which the expression was significantly correlated with a
physiological phenotype of interest, we conducted Analysis of Variance (ANOVA) with
each haematological index as the dependent variable and expression of isoforms as the
independent variables, using the ano function implemented in R3.3.3.

2.15. Cytokine ELISA

The relative concentration of plasma cytokine expression was measured by ELISA
using the Human ICAM-1/CD54, IL-8/CXCL8, MIF, IL-6 and C-Reactive Protein/CRP
via the Quantikine ELISA Human kits (R&D Systems, Minneapolis, MN, USA). Kits were
used according to manufacturer’s instructions. Briefly, plates were coated with monoclonal
anti-human cytokine capture antibody and blocked with 1% bovine serum albumin. Plasma
samples, in triplicate, were incubated for two hours at room temperature together with
recombinant human cytokine standards. Bound cytokine was detected with anti-human
cytokine horseradish peroxidase secondary antibody and tetramethylbenzidine substrate.
The concentration of cytokine per sample was calculated using a four-parameter logistic
curve fit of the standard concentrations. All data were expressed as mean ± S.D. and
for comparisons of the means, the student t-test was used. p values less than 0.05 were
considered statistically significant.

2.16. Cytokine Array

The relative concentration of plasma cytokine protein was determined by cytokine
array and was assessed using the Proteome Profiler Human Cytokine Array (Panel A Kit,
R&D Systems, Minneapolis, MN, USA). Arrays were used according to manufacturer’s
instructions. Briefly, plasma was incubated with nitrocellulose membrane coated with 36
different capture antibodies. Bound cytokines were detected with a cocktail of secondary
biotinylated antibodies and streptavidin-HRP. Membranes were imaged using ChemiDocT-
MXRS + System (Bio-Rad, Hercules, CA, USA). ImageJ software (Version 1.5.1, 2018) was
used to determine the average pixel density of the duplicate spots.

3. Results

3.1. Selecting Beijing and Chengde as Investigation Sites

An ideal comparative study is to investigate a location with well-recognized AP
problems, and a comparison site with AP of similar provenance and composition, but
at significantly lower levels. The megacity of Beijing was selected given that the city
suffers from some of the worst AP worldwide. Beijing’s widespread AP can be attributed
to anthropogenic, technogenic and geogenic factors including a surge in the number of
motorized vehicles, population growth output from manufacturing and contributions from
natural PM sources, such as the city’s surrounding topography and seasonal weather. Our
previous research [28–35] on the physiochemical characteristics of Beijing AP, specifically
the PM component, confirmed via electron microscopy the presence of combustion-derived
PM dominated by DE from vehicles, CB from cooking and FA from heating activities. In
addition, there were plenty minerals originating from the local geology of Beijing due to its
proximity to the Gobi desert, as well as fugitive dust from its satellite cities.

Monitoring of Beijing’s wind directions illustrated a clear annual pattern along a
northeast–southwest (NE–SW) transept (Figure 1). Located to the south of Beijing are
several industrialized satellite cities generating AP with clear coal-burning and steel manu-
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facturing characteristics (e.g., FA and smelter particles) (Table S1). Therefore, these cities
are unsuitable for comparison with Beijing. Chengde, located 110 miles NE of Beijing, on
the contrary, is a small city that is not as industrialized as the satellite cities to the south
and it is along the recognized “NE–SW AP transport corridor” (Figure 1). Therefore, it is
expected that the lower degree of industrialization, along with the NE–SW wind direction
transept renders Chengde with a PM provenance and composition like Beijing, but at
significantly lower levels.

Figure 1. Geographical locations of Beijing and the satellite cities, featuring Chengde and the NE–SW AP transport corridor.
In spring, the wind blows equally to the NE and SW, in summer it is mostly winds to the SW. However, in the autumn and
winter, which is the most heavily polluted time of the year, the predominate wind direction is from Beijing to Chengde [27].

Indeed, considering the role of particle physiochemistry and toxicological effects,
the daily air quality data of Beijing and Chengde, derived from the Chinese Government
AQI website (https://www.aqistudy.cn/, accessed on 2 November 2017) revealed that:
(1) Beijing has a consistently higher AQI compared to Chengde, (2) Beijing has a consistently
higher PM2.5 component than Chengde, (3) the mass concentration of PM10 in Beijing
is consistently higher than Chengde and the chemical composition of their respective
airborne pollutants is not dissimilar due to a shared source apportionment (i.e., traffic
emissions, steel production and fugitive mineral dusts) via the seasonal wind transepts
and (4) Chengde has relatively higher SO2, but the actual levels are low. The relatively
higher SO2 in Chengde may represent its local industry or other sources (Table S2).

To determine how long Beijing AP would take to arrive at Chengde, we conducted lin-
ear regression analyses on both data. The linear regression line for X (Beijing)-Y (Chengde)
for the same day has an R2 = 0.0958. A one-day lag into the data X (Beijing + one day)-Y
(Chengde), on the assumption that a pollution peak in Beijing should reach Chengde the
next day, achieved an improved R2 = 0.1172. A two-day lag provided a lower R2 = 0.00763
and a three-day lag resulted in an even lower R2 = 0.00556. These results suggested that
Chengde AP had a one-day lag-time from Beijing pollution; consistent with a recent re-
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port [27]. These conclusions enabled us to qualify Chengde as an ideal comparison site
with Beijing in our study.

3.2. Physiological Responses upon PM Exposure and Data Generation

In order to reduce confounding factors, 10 healthy (i.e., non-smokers with no pre-
existing cardio-pulmonary disease) recruits with ages ranging from 23 to 39 from each
city (Table 1) were selected. Peripheral venous blood for routine blood examination was
obtained from each volunteer followed by lung function tests. In addition, 10 COPD
patients from Beijing were recruited (Table 2) and routine blood examinations and lung
function tests were conducted. Finally, specific soluble inflammatory mediators were
measured using ELISA to help identify the genes and gene networks differentially activated
in response to these exposures.

Table 1. Information for healthy recruits from Beijing and Chengde.

City Sample ID Sex Sample Type Age (yr) Height (cm) Weight (kg)

Chengde

201705CD0001 Female RNA + plasma 23 163 52

201705CD0002 Female RNA + plasma 29 169 52

201705CD0003 Female RNA + plasma 26 168 48

201705CD0004 Female RNA + plasma 25 160 50

201705CD0005 Female RNA + plasma 25 159 55

201705CD0006 Male RNA + plasma 26 170 53

201705CD0007 Male RNA + plasma 28 175 90

201705CD0008 Male RNA + plasma 26 178 100

201705CD0009 Male RNA + plasma 31 173 81

201705CD0010 Male RNA + plasma 30 183 80

Beijing

201705IOZ0001 Female RNA + plasma 26 173 65

201705IOZ0002 Female RNA + plasma 24 167 60

201603IOZ0014 Male RNA + plasma 22 178 82

201603IOZ0011 Male RNA + plasma 29 167 63

201603IOZ0002 Female RNA + plasma 25 160 50

201603IOZ0009 Male RNA + plasma 33 160 58

201603IOZ0012 Male RNA + plasma 27 176 80

201603IOZ0006 Male RNA + plasma 38 169 67

201703IOZ0013 Male RNA + plasma 27 180 65

201711IOZ0012 Male RNA + plasma 39 178 78

Table 2. Information for 10 COPD participants from Beijing.

City Sample ID Sex Sample Type Age (yr) Height (cm) Weight (kg)

Beijing

201612cy0001 Male RNA + plasma 58 168 78
201612cy0002 Male RNA + plasma 58 165 46
201612cy0003 Male RNA + plasma 70 160 57
201612cy0004 Male RNA + plasma 60 165 61
201703cy0006 Male RNA + plasma 56 160 58
201703cy0007 Male RNA + plasma 56 161 61
201703cy0008 Male RNA + plasma 82 163 61
201703cy0009 Male RNA + plasma 64 157 50
201711cy0010 Male RNA + plasma 67 172 88
201711cy0011 Male RNA + plasma 77 165 48
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A comparison of lung function tests (FEV1/FVC; Figure 2a) between BRs (81 ± 5) and
CRs (90 ± 9) as well as COPD (47 ± 16) patients demonstrated there was a statistically
significant decrease of lung function (p < 0.01, t-test) in the BRs compared with CRs, but
not severe since non-significance for FEV1pred% (93 ± 12 in BRs vs. 93 ± 11 in CRs;
p = 0.97, t-test). Lung function was further decreased and exacerbated in COPD recruits
(FEV1pred%:40 ± 20; p < 0.001 for both FEV1/FVC and FEV1pred%, t-test), suggesting that
inflammation responses were induced in both BRs and COPD groups.

 

Figure 2. Physiological responses upon AP exposure. (a) Comparison of lung function indexed by
FEV1/FVC between BRs, CRs and COPD patients. (b) Comparison of mean corpuscular haemoglobin
concentration between BRs, CRs and COPD patients. (c) Correlation between PM10 and ratio
of neutrophil. Error bars indicate standard error of mean (S.E.M). ⋆ p < 0.05, ⋆⋆ p < 0.01,
⋆⋆⋆ p < 0.001, t-test.

Among a total of 16 haematological indices that were examined in the routine blood
examinations, MCHC (mean corpuscular haemoglobin concentration) revealed a significant
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difference among the three groups, with higher MCHC (Figure 2b; 342 ± 13 in BRs vs.
329 ± 4 in CRs, p = 4.38 × 10−6, t-test) in BRs and even higher MCHC in COPD volunteers
(348 ± 8), collectively indicative of hypoxia induction in both BRs and COPD participants.
Notably, the lack of statistically significant difference in other indices (e.g., neutrophils,
RBCs, haemoglobin, monocyte and macrophage, etc.) between CRs and BRs (but not
between CRs or BRs and the COPD group; Figure S1) suggests that stress induced by PM
exposure has been well handled in BRs.

To determine which haematological indicator played the most important role in
reacting to PM among these examined indices, we carried out correlation analyses for
each index against PM10 concentration, respectively, and found that neutrophil ratio
had the largest correlation coefficient (R2 = 0.55, Figure 2c and Figure S2). Hence, we
first sequenced the transcriptomes of neutrophils in both BRs and CRs and conducted
comparative transcriptomic analysis to provide insight into the mechanisms underlying
how PM-induced stress has been so well addressed.

3.3. Alternative Splicing in BRs and CRs

RNA extracted from neutrophils of each volunteer (n = 10 for each city) was subjected
to sequencing on an Illumina X-Ten sequencer, yielding about 5 gigabases (Gb) of clean
RNA-seq data for each sample. Cleaned reads for each sample were aligned to the GRCh38
human reference genome using HISAT [39]. The expression of each transcript was quan-
tified as TPM using RSEM [41]. On average, BRs expressed over 36,000 (36,274 ± 1389)
transcripts, significantly higher than Chengde (24,160 ± 1919) (Figure 3a, p < 0.001, t-test).
Two possible factors may lead to this scenario: (1) more gene loci were expressed in BRs
and (2) AS occurred more frequently in BRs. Our analyses revealed that BRs expressed, on
average, 1000 gene loci more than CRs, yielding ~2000 transcripts, contributing only 18%
of the increased transcript number (~12,000) in BR. Strikingly, we found that 6760 of the
gene loci expressed in both groups generated significantly more isoforms in BRs compared
with CRs (Figure 3b, p < 0.05 for each gene locus, t-test), resulting in an increment of
approximately 10,000 transcripts. This accounted for 80% of the 12,000 transcripts uniquely
expressed in BRs, suggesting that “alternative splicing” serves as a major source in generat-
ing such a large abundance of transcripts, thus setting the scene for the development of
biological “resilience”.

We next carried out functional enrichment analysis on the 6760 genes. Interestingly, the
results showed that the most significant enriched item referred to RNA splicing (Table S3).
Therefore, we focused on the AS patterns in the RNA splicing major pathway. Our analysis
revealed that AS events occurred dominantly in gene families encoding hnRNP (heteroge-
neous ribonucleoproteins) and serine/arginine (SR)-rich proteins; the master regulators
in alternative splicing (Figure 3c) [49–51]. The occurrence of RNA splicing relies on the
concerted roles of both SR and hnRNP with the former mainly binding to the ESE element
and the latter to ESS (exonic splicing silencer) in exons to recruit the splicing complex to the
targeted splicing site (Figure 3d) [49–51]. Given that different SR and hnRNP isoforms bind
to different ESEs and ESSs [52], the AS of the SR and hnRNP gene families may constitute
a “molecular basis” of the unexpected large number of isoforms in Beijing participants
because abundant SR and hnRNP isoforms generated will enlarge the reservoir of ESEs
and ESSs that could be bound.

To determine whether these AS-derived transcripts have any protective roles against
PM exposure, we first calculated the correlation between the expression of each AS-derived
transcript and AQI, PM2.5 or PM10 concentration, then classified these AS-derived tran-
scripts as BR-specific, CR-specific and BR–CR shared transcripts and finally estimated the
proportion of transcripts whose expression was significantly correlated with either of these
indices. We found that 30% of BR specific transcripts were significantly correlated with
either PM2.5, PM10 or AQI, much higher than either CR specific (18%) or shared transcripts
(7%; Figure 4a). Of the 100 AS-derived transcripts showing the most significant correlation
with AQI, PM2.5 or PM10, over 70% belong to BR specific transcripts (Figure 4a).
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Figure 3. Alternative splicing is the major factor generating large abundance of transcripts during AP exposure. (a) The
number of expressed transcripts in BRs and CRs. Error bars indicate S.E.M. *** p < 0.001, t-test. (b) The number of expressed
AS-derived transcripts for each of the 6760 genes in BRs (x-axis) plotted against that in CRs (y-axis). (c) Genes generating
more AS-transcripts in BRs in the major mRNA splicing pathway were denoted as orange. Red box indicated hnRNP and
SR protein families. The pathway is modified from http://www.reactome.org/content/detail/R-HSA-72163, accessed on
2 November 2017. (d) A schematic graph showing how hnRNP and SR proteins cooperate during pre-mRNA splicing. This
model is modified from a previous study [48].
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Figure 4. Roles of alternative splicing in responding to AP exposure. (a) Proportions of AS-derived transcripts whose
expression is significantly correlated with either AQI, PM10 and PM2.5, for BR-specific, CR-specific and BR–CR shared
AS-derived transcripts. CD.AS: CR-specific AS-derived transcripts; Shared: BR–CR shared AS-derived transcripts; BJ.AS:
BR-specific AS-derived transcripts. The sub-figure on the top left shows the classification (BR-specific, Shared and CR-
specific) of the top 100 AS-derived transcripts showing the most significant correlation with either AQI, PM2.5 and PM10.
(b) Utilization frequency of each ESE element between BR-specific and shared transcripts with one element CACAGGA being
highlighted. X-axis represents the observed frequency for BR-specific AS-derived transcripts and y-axis is the frequency for
shared AS-derived transcripts. (c) A pathway showing the roles of HIF1A, HIF1B, PFKFB3, PFK1 and LDHA in glycolysis.
(d–g) Alternative splicing patterns of PFKFB3, LDHA, HIF1A and HIF1B with expression of each isoform in BR and CR
shown in the right. * p < 0.05, ** p < 0.01, *** p < 0.001, t-test. (h) Pearson correlation and PMI between expression of each
PFKFB3, LDHA isoform and that of each HIF1A, HIF1B isoform. (i) Variance explanation of each isoform of HIF1A, HIF1B

(also referred as ARNT) and IL6R for each physiological index. Redder colour denotes greater variance.
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We further compared the utilization frequency of each ESE element between BR-
specific and shared transcripts and showed that the utilization frequencies of several
ESEs significantly differ between the two groups, exemplified by one ESE element (i.e.,
CACAGGA) exhibiting six times higher frequency in the former (7%) than that in the latter
(1%) (Figure 4b). Transcripts containing CACAGGA are significantly enriched in C2H2 type
zinc finger gene families, which have been implicated in regulating immune responses
through mediating IL and INF pathways, and oxidative responses to biotic and abiotic
factors (i.e., ambient particulate matter) [53,54]. Overall, our results imply that AS indeed
potentially has protective roles in abrogating exposures to poor air quality. We next sought
to know which roles of AS act in addressing PM exposure.

3.4. AS Reshapes Glycolysis Landscape

The higher MCHC observed in BRs (Figure 2b) in our study suggested that hypoxia, a
hallmark of long-term exposure to poor air quality [55], had been induced. Upon hypoxia,
neutrophils would be activated and utilize ATP mainly generated through glycolysis [56,57],
and it has been documented that glycolysis was enhanced when exposed to PM [58,59].
However, there is a paucity of information about how this enhancement is achieved. To
address this issue, we investigated the AS patterns of all genes (n = 12) that encoded
essential enzymes in the glycolysis pathway and found that two distinct AS patterns
were exhibited between CRs and BRs (i.e., PFKFB3 (6-Phosphofructo-2-Kinase/Fructose-2,6-
Biphosphatase 3) and LDH (Lactate dehydrogenase)).

PFKFB3 encodes an enzyme that has been reported to have the highest kinase activity
in shunting glucose toward glycolysis [60]. It converts fructose-6-phosphate to fructose-2,6-
bisP (F-2,6-bisP), which allosterically activates PFK-1 (6-phosphofructokinase-1), the rate-
limiting enzyme in glycolysis [48]. The activated PFK-1 acts as a key player in stimulating
glycolysis under hypoxia (Figure 4c) [48]. We found that BRs expressed eight PFKFB3
isoforms, compared with only three in CRs (Figure 4d). Expression levels of four isoforms
were significantly correlated with PM concentration (Figure S3). Further analyses showed
that these four isoforms resulted from the AS of exons encoding the COOH-terminal,
leading to different COOH-terminal regulatory domains. Since different COOH-terminals
result in differential localization of PFKFB3 protein to different sub-cellular compartments
(e.g., cytoplasm, peroxisome, nucleus) [60], we suggest that AS of PFKFB3 may play
an important role in stimulating glycolysis upon PM exposure. Additionally, among
these isoforms exclusively expressed in BRs, one isoform (ENST00000360521, UBI2K4),
possessing a COOH-terminal with higher kinase activity than other isoforms [61], has been
suggested to be induced by hypoxia [61,62]. The induced expression of this isoform may
be expected to enhance glycolysis.

LDHA encodes lactate dehydrogenase A, catalysing the conversion of pyruvate and
NADH to lactate and NAD+, with NAD+ being a pre-requisite driver for glycolysis [63]. We
found that seven LDHA isoforms were expressed in BRs, in contrast with only three in CRs
(Figure 4e), leading to a total of LDHA expression in BRs being six times higher than that in
CRs (TPM = 603 in BRs vs. 93 in CRs). The expression levels of two isoforms (LDHA-005:
ENST00000379412 and LDHA-001: ENST00000422447) exhibited significant correlation
with PM concentration (Figure S4). Interestingly, these two isoforms share exactly the
same open reading frame (ORF) with the one dominantly expressed in CRs (LDHA-020:
ENST00000542179), with the major difference being that both isoforms (LDHA-005 and
LDHA-001) feature much longer 3′UTR lengths (i.e., 566 and 1144bp longer than LDHA-
020). Since longer 3′UTR can enhance both mRNA stability and translational efficiency [64],
it is expected that BRs may generate more LDHA proteins, which may in turn promote the
formation of NAD+, allowing the enhancement and maintenance of glycolysis.

Pyruvate could be converted either to lactate for NAD+ generation or to acetyl-CoA,
which could finally enter the electron transport chain (i.e., oxidative phosphorylation; OP)
for ATP generation. Since LDHA was over-expressed in BRs, it is expected that a large
proportion of pyruvate would be catalysed to lactate rather than acetyl-CoA. Given that
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glucose serves as a major energy source in neutrophils [19], we expected that OP would
be downregulated in BRs. Consistently, functional enrichment analyses on transcripts
significantly downregulated in BRs showed that the most significantly enriched KEGG
pathway was OP (Figure S5). OP is a process by which electrons are transferred to O2
molecules through respiratory complexes to generate ATP. Once there are insufficient O2
molecules to accept electrons, electrons leak out of the electron transfer chain to generate
toxic reactive oxygen species (ROS) [65], which induces cell and macromolecule (i.e., DNA,
RNA and proteins) damages [66]. Therefore, OP reductions in BRs would act to minimize
the generation of toxic ROS under hypoxic conditions.

Next, we were interested to know how the two genes were regulated upon polluted
air exposure. A survey on published literature identified one common transcription factor,
hypoxia-inducible factor 1 (HIF-1) [67,68]. HIF-1, a master regulator of oxygen homeostasis,
consists of two sub-units: an inducibly expressed HIF-1A and a constitutively expressed
HIF-1B [69]. We therefore investigated the AS patterns of these two genes. In our study,
CRs expressed only one HIF-1A and one HIF-1B isoform, in sharp contrast with seven
and three isoforms in BRs (Figure 4f,g). A co-expression analysis showed that different
isoforms of HIF-1A and/or HIF-1B were significantly co-expressed with different isoforms
of PFKFB3 and LDHA (Figure 4h). To investigate whether these observed associations were
direct, we applied a recently developed algorithm based on information theory, which was
reported to accurately quantify direct relations between measured variables with higher
statistical power by silencing indirect effects [70]. The results showed that different HIF-1A
and/or HIF-1B isoforms can directly regulate the transcription of distinct PFKFB3 and
LDHA isoforms (Figure 4h).

Taken together, we concluded that chronic exposure of PM air pollution imposes
hypoxic stress, promoting AS of HIF-1A and HIF-1B, which further induces the AS of
PFKFB3 and LDHA. The resultant AS of PFKFB3 and LDHA, collectively, may modulate
glycolysis in neutrophils in that: (1) AS of PFKFB3 led to PM-associated isoforms (PMAI)
with different COOH-terminal regulatory domains, which may target different sub-cellular
locations, and consequently, stimulate glycolysis and (2) AS of LDHA gave rise to two
PMAIs with longer 3′UTRs relative to the constitutively expressed one, possibly enhancing
mRNA stability and translational efficiency, and thus, promoting LDHA generation and
subsequently glycolysis enhancement and maintenance.

Given that HIF-1 is the key regulator of hypoxia response [69], the observation that a
total of 10 HIF-1 isoforms (7 HIF-1A and 3 HIF-1B; Figure 4f,g) were expressed in BRs raised
one essential question: Do these isoforms play the same or diverse roles in PM-induced
hypoxic conditions? To address this issue, we estimated the associations between the
expression of these isoforms and different hypoxia-associated physiological responses (e.g.,
RBC count, MCHC, haemoglobin count, RBC volume distribution width (RDW), neutrophil
count and neutrophil ratio). Strikingly, our results revealed that different isoforms show
significant correlation with varied physiological indices (Figure 4i and Table S4). For
instance, expression of HIF1A-003 (ENST00000394997), HIF1A-005 (ENST00000553999),
HIF1A-001 (ENST00000337138) and HIF1A-008 (ENST00000557446) could explain 72%, 84%,
42% and 61% variances of MCHC, neutrophil ratio (i.e., the ratio of neutrophils among
whole blood cells), haemoglobin count and RDW (red cell distribution width) (Figure 4i
and Table S4; all p < 0.05). These findings highlighted that different isoforms may have
diverse physiological functions.

3.5. AS Prolongs Neutrophil Lifespan and Enhances Migration in BRs

It has been recognized that upon immune response, neutrophils can extend their
lifespan from 6–12 to 24–72 h primarily by mitigating apoptosis [71]. During this process,
two distinct signalling pathways (i.e., intrinsic and extrinsic) have been proposed with
the intrinsic pathway mediated by anti-apoptotic protein Mcl-1 and the extrinsic pathway
mediated by death receptors such as Fas (a cell surface death receptor), TNF-related
apoptosis-inducing ligand receptors and TNF receptors [72]. AS analyses of these genes
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showed that only Fas underwent AS, leading to nine isoforms with either exon 6 or 9
truncated and seven that were exclusively expressed in BRs, accounting for ~70% of the
expression in this locus that sharply reduced the expression ratio of intact Fas to 30%, which
is, however, significantly lower than that in CRs (90%; Figure S6).

Fas is a transmembrane protein, encoded by a nine-exon gene, with the sixth exon
encoding a transmembrane domain and the ninth encoding a death domain (DD), both
of which are critical for the transmission of an apoptotic signal [65]. Generally, three
Fas proteins form a trimer on the membrane. Only a trimer composed of three intact
Fas proteins can successfully transmit the apoptotic signals when binding with its ligand
(Fas-L) [73]. In our case, we found that BRs increased the expression of truncated Fas
isoforms lacking either transmembrane or DD domains, leading to a sharp reduction of the
expression ratio of intact Fas (30% versus 90%; Figure S6). It is expected that the increase
of these truncated isoforms will compete with intact Fas to form non-functional trimers,
thereby inhibiting apoptosis. Consistently, the expression of these truncated Fas isoforms
could respectively interpret 81%, 86%, 77% and 67% variances of the counts of WBC, neu-
trophils and lymphocytes as well as lymphocyte ratio in the Beijing population of recruits
(Figure S7 and Table S5). Altogether, we proposed that the induction of these AS-derived
truncated Fas isoforms serves as a means to effectively inhibit apoptotic signal transmission
in neutrophils, thus prolonging their lifespan when exposed to poor air quality.

Previous studies suggested that neutrophils would enhance their migration capacity
because of immune responses [74]. Expectedly, MIF, a marker indicating cell migration
capacity [75–78], was upregulated in BRs determined by ELISA, indicative of enhanced
migration ability (Figure S8). To obtain insight into the molecular basis of neutrophil
migration capacity enhancement in BRs, we determined the levels of an array of cytokines
that could promote neutrophil migration in both BRs and CRs. IL-6, one cytokine that has
been well established in promoting neutrophil migration [79], was over-expressed in BRs.
IL-6 can bind either to the membrane-bound IL-6R mediating the classic signalling mode,
or to the soluble IL-6R without the transmembrane domain, triggering a trans-signalling
mode [80]. CRs were found to express only membrane-bound IL-6R isoform, which was
significantly upregulated in BRs (Figure S9). Moreover, BRs expressed an extra of six
isoforms without the transmembrane domain (Figure S9), the expression of which was
significantly correlated with the neutrophil ratio (Figure S10), implying that BR neutrophils
might adopt both IL-6 signalling modes for migration. Given that cells using both IL-6
signalling modes have higher migration capacity than the ones owning only one [81], we
concluded that featuring two modes of IL-6 signalling along with the up-regulation of IL-6
enables BR neutrophils to enhance their migration ability. Altogether, AS of IL-6R provides
a means to enhance the neutrophil migration for individuals exposed to polluted air.

3.6. HIF-1 Mediated Impaired Glycolysis Mediates Neutrophil Dysfunction

Dysfunction in activated neutrophils, when exposed to PM, have been implicated in
promoting pathogenesis of a number of human diseases, such as COPD, due to their im-
paired immune functions (e.g., impaired phagocytosis [82], reducing capacity of pathogen
killing [83] and clearance [84] and reduction of chemotactic accuracy [85]). However,
knowledge of the molecular basis mediating these impaired immune functions in neu-
trophils remains largely unexplored. A comparison between the transcriptome profiles of
BRs and COPD volunteers in Beijing may provide some clues to this question.

Our results showed that neutrophils isolated from COPD patients have a compar-
ative number of expressed transcripts with that from BRs (34,233 ± 3459 in COPD vs.
36,274 ± 1389 in BRs, p = 0.13), and share similar AS patterns of both Fas and IL-6R. How-
ever, HIF1A and PFKFB3 exhibited distinct AS patterns between the two groups. For
instance, only five HIF1A isoforms were expressed in COPD patients, in contrast with
seven in BRs, giving rise to reduced expression of this gene loci (TPM = 132 in COPD
patients vs. 413 in BRs). Consistently, isoform numbers of PFKFB3 have also been reduced
in COPD patients relative to BRs (four in COPD and eight in BR). Unexpectedly, expression
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analyses showed that, when compared with CRs, there were no statistically significant
expression differences for PFKFB3 (TPM = 83 ± 62 in COPD vs. 77 ± 55 in CRs, p > 0.05),
implicating impaired glycolysis in neutrophils of COPD patients. Interestingly, when we
plotted their expression or isoform numbers against the lung function (FEV1/FVC) of CR,
BR and COPD patients (Figure S11), a reverse “U” (referred to as “∩” hereafter) pattern was
observed for the two genes (i.e., HIF1A, PFKFB3). That is, the initial lung function reduction
was accompanied with the up-regulation and increased isoform number of the focal genes
(from CRs to BRs), followed by subsequent down-regulation and isoform number decrease
upon further lung function reduction (from BRs to COPD patients; Figure S11).

Given that the immune functions (e.g., phagocytosis, degranulation, etc.) of neu-
trophils rely on ATP dominantly generated from glycolysis [19], impaired glycolysis may
lead to dysfunctions of neutrophils [19]. In our case, we proposed that the reduction of
HIF-1A expression and AS-derived isoform numbers mediates the impaired glycolysis
through down-regulating the expression of the key enzyme encoding gene (i.e., PFKFB3),
and reducing its AS. Therefore, HIF-1A and PFKFB3 may act as key players mediating the
dysfunction of activated neutrophils and serve as an essential biomarker in monitoring
neutrophil function.

4. Discussion

Our study and others [86,87] have implicated that neutrophils act as the key players
in response to poor air quality. It has been further demonstrated that the dysfunction of
neutrophils plays a critical role in pathogenesis progression during long-term exposure
to polluted air [19,88]. To our knowledge, our study, based on a hierarchical design of
comparative toxico-transcriptomes, represents the first attempt to characterize the molec-
ular mechanisms underlying how neutrophils properly buffer the stresses imposed by
long-term exposure to urban PM and how their immune functions become impaired in
“real-life” settings.

In our investigation, we demonstrate that AS may promote the expression of different
PFBFK3 isoforms targeting distinct sub-cellular locations, and thus, stimulate glycolysis
regionally. Given that different sub-cellular compartments are responsible for distinct im-
mune functions [89], and these functions mainly rely on ATP generated from glycolysis in
neutrophils, the induction of these different PFBFK3 isoforms provides molecular evidence
in understanding how neutrophils trigger different immune functions sub-cellularly upon
exposure to poor air quality. AS also leads to the expression of LDHA isoforms with longer
3′UTRs, likely enhancing the mRNA stability and translation rate, which is expected to
facilitate generation of NAD+, a pre-requisite driver for glycolysis, hence maintaining gly-
colysis. In addition, AS promotes the expression of non-functional Fas isoforms, resulting
in the reduction of intact Fas proportion, which is expected to inhibit the transmission of
apoptotic signals and prolong the neutrophil lifespan. Moreover, AS allows BRs to feature
both membrane-bound and soluble IL-6R isoforms, which may enhance the migration
capacity of neutrophils. These functional roles of AS, however, cannot be achieved through
expression regulation (i.e., up-regulation or down-regulation). Therefore, we believe that
AS in neutrophils provides an irreplaceable means of regulating “environmental fitness” or
“resilience” in the face of continuous inhalation exposure challenges in poor air quality.

It has been suggested that the characterization of neutrophil metabolic shifts has
become an emerging and active field that may provide essential knowledge on neutrophil
physiology and pathology [19] regarding its role in inflammation response and pathogene-
sis progression. The link between metabolic shift and neutrophil inflammation response
and pathogenesis progression has been outlined in many studies [90–92]. However, the
molecular basis underlying metabolic shift has not yet been explored. Given that hypoxia
is a key factor mediating metabolic shifts during the inflammatory response and neutrophil
dysfunction, the characterization of “∩” patterns of expression and isoform diversity of
HIF-1A, a key modulator of hypoxic stress, may represent a common feature of neutrophils
underpinning the transition of metabolism occurring from the beginning of neutrophil
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activation to normal immune function response, and further to neutrophil dysfunction and
the subsequent disease progression. These “∩” patterns may also provide some hints for
understanding the molecular mechanism underlying impaired glycolysis in other organs
(e.g., liver [93]) upon PM exposure.

During air pollution exposure, neutrophils act as a key player mediating crosstalk
among other cell types to promote inflammatory responses [20–22]. The consequences
of such crosstalk could be reflected as physiological phenotypes measured by different
haematological indices (e.g., RBC and WBC counts, MCHC, etc.) and protein. However, the
molecular evidence linking air pollution exposure and these physiological phenotypes in
neutrophils are still largely unknown. In our study, the observation of association between
different isoforms of HIF-1A and distinct physiological phenotypes may therefore fill this
gap. Importantly, our findings highlight that therapeutic targets in PM-induced diseases
should be targeted at a specific isoform dependent on physiological phenotypes rather
than a whole gene.

5. Conclusions

We found that BRs exclusively expressed the PM-associated isoforms (PMAIs) of
PFKFB3 and LDHA, encoding two key enzymes responsible for stimulating and maintaining
glycolysis, respectively. PMAIs of PFKFB3 were expected to stimulate glycolysis in different
sub-cellular functional compartments to trigger different immune functions sub-cellularly.
PMAIs of LDHA have longer 3′UTRs relative to the one expressed in CRs, which enhance
LDHA mRNA stability and translational efficiency, thus allowing glycolysis maintenance.
The regulation of alternative splicing of both genes was directly regulated by different
HIF-1A and HIF-1B isoforms. Importantly, these different isoforms could explain large
variances of different physiological phenotypes, providing molecular evidence linking air
pollution exposure and physiological phenotypes. Remarkably, AS of HIF-1A and PFKFB3
were significantly suppressed and expression of both genes was downregulated in COPD
patients compared with BRs, suggesting that HIF-1 mediated defective glycolysis mediates
neutrophil dysfunction, leading to subsequent progression of PM-induced diseases.
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