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susceptibility to Pseudomonas aeruginosa
infection via expansion of PD-L1M9"

neutrophils in mice
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Abstract

Background Exposure to PM2.5 has been implicated in a range of detrimental health effects, particularly affecting
the respiratory system. However, the precise underlying mechanisms remain elusive.

Methods To address this objective, we collected ambient PM2.5 and administered intranasal challenges to mice,
followed by single-cell RNA sequencing (scRNA-seq) to unravel the heterogeneity of neutrophils and unveil their gene
expression profiles. Flow cytometry and immunofluorescence staining were subsequently conducted to validate the
obtained results. Furthermore, we assessed the phagocytic potential of neutrophils upon PM2.5 exposure using gene
analysis of phagocytosis signatures and bacterial uptake assays. Additionally, we utilized a mouse pneumonia model
to evaluate the susceptibility of PM2.5-exposed mice to Pseudomonas aeruginosa infection.

Results Our study revealed a significant increase in neutrophil recruitment within the lungs of PM2.5-exposed mice,
with subclustering of neutrophils uncovering subsets with distinct gene expression profiles. Notably, exposure to
PM2.5 was associated with an expansion of PD-L1"9" neutrophils, which exhibited impaired phagocytic function
dependent upon PD-L1 expression. Furthermore, PM2.5 exposure was found to increase the susceptibility of mice

to Pseudomonas aeruginosa, due in part to increased PD-L1 expression on neutrophils. Importantly, monoclonal
antibody targeting of PD-L1 significantly reduced bacterial burden, dissemination, and lung inflammation in PM2.5-
exposed mice upon Pseudomonas aeruginosa infection.
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Conclusions Our study suggests that PM2.5 exposure promotes expansion of PD-L1
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MM neutrophils with impaired

phagocytic function in mouse lungs, contributing to increased vulnerability to bacterial infection, and therefore
targeting PD-L1 may be a therapeutic strategy for reducing the harmful effects of PM2.5 exposure on the immune

system.
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Introduction

Air pollution poses a serious global public health threat
[1]. Particulate matter (PM) is among the most harmful
air pollutants, including PM10, PM2.5, and ultrafine par-
ticles. PM10 particles are coarse, with an aerodynamic
diameter of less than 10 pm, while PM2.5 particles are
fine, with a diameter less than 2.5 um. Ultrafine particles
have a diameter less than 0.1 pm. The negative impacts
of PM on human health depend on their size and chemi-
cal composition. PM10 particles tend to accumulate in
the nasal cavities and trachea. PM2.5 particles are small
enough to evade airway cilia and mucociliary clearance,
leading to direct entry into the bronchi and penetration
deep into pulmonary alveoli [2]. Exposure to a 10 pg/m?
increment in PM2.5 was associated with a 1.14% increase
in the risk of all-cause mortality [3]. Moreover, exposure
to PM2.5 is positively associated with respiratory causes
of death and hospitalizations for respiratory diseases [4].

More than 90% of the world’s population is exposed to
air pollution levels that exceed the World Health Orga-
nization guidelines [5]. Low-to-middle income countries
have the highest levels of PM2.5 exposure and the great-
est burden of respiratory infection [6]. Clinical stud-
ies have found a positive correlation between exposure
to PM2.5 and the frequency of outpatient visits, emer-
gency visits, and hospitalizations due to acute upper or
lower respiratory infections [7-9]. PM2.5 has emerged
as a great risk factor for respiratory infection-related
death [10]. Nevertheless, the mechanisms underlying the
observed increased risk of respiratory infection associ-
ated with PM2.5 exposure remain elusive.

Neutrophils, play a crucial role in the immune response
to foreign particles or pathogens. Exposure to PM2.5 par-
ticles can result in the activation and infiltration of neu-
trophils into the affected lung tissue [11]. The excessive
activation and infiltration of immune cells can contrib-
ute to further tissue damage and exacerbate the inflam-
matory response, emphasizing the importance of tightly
regulating the function of immune cells. A key regulator
in this process is the programmed death ligand 1 (PD-L1)
and programmed cell death protein 1 (PD-1) immune
checkpoint pathway, which plays a crucial role in pre-
venting excessive tissue destruction during inflammation
[12]. However, the upregulation of PD-L1 on immune
cells can lead to local immune suppression and impaired
host defense. PD-L1 molecules on neutrophils can inter-
act with their receptors on T cells, triggering inhibitory

signaling pathways that dampen T cell responses and
compromise effective anti-tumor defense [13]. A neu-
trophil subset with high levels of PD-L1 expression has
been identified in mice by the advanced single-cell RNA
sequencing (scRNA-seq) technology, exerting immuno-
suppressive effect in sepsis [14]. In this study, we exposed
mice to PM2.5 and observed an expansion of PD-L1Me"
neutrophil subset with impaired phagocytic function,
leaving the host susceptible to bacterial infection such
as Pseudomonas aeruginosa (P. aeruginosa). The current
study suggests that focusing on PD-L1 as a target holds
promise as a therapeutic strategy to decrease vulnerabil-
ity to bacterial infections in individuals who have been
exposed to PM2.5.

Results

PM2.5 exposure promotes neutrophil infiltration in mouse
lung

To investigate the effects of PM2.5 on the lungs, we col-
lected ambient PM2.5 and intranasally challenged mice,
as in our previous study (Fig. 1A). After 14 days of contin-
uous exposure, we observed an increase in lung inflam-
matory infiltration compared to control mice (Fig. 1B-C).
To elucidate the inflammatory cell types present in the
lungs following PM2.5 exposure, we conducted scRNA-
seq of lung tissues from 2 PM2.5-exposed mice and 2
control mice. After careful quality control measures,
a total of 23 401 lung cells were analyzed. Nine distinct
cell types were identified based on marker gene expres-
sion (Fig. 1D), with frequency analysis revealing a marked
recruitment of macrophages and neutrophils in the
lungs following PM2.5 exposure (Fig. 1E). Furthermore,
the percentage of neutrophils in bronchoalveolar lavage
fluid (BALF) significantly increased upon PM2.5 expo-
sure (Fig. 1F), confirming our scRNA-seq findings. In the
meantime, the recruitment of neutrophils in response to
PM2.5 exposure was further verified using immunofluo-
rescence staining (Fig. 1G). Taken together, these findings
demonstrate that exposure to PM2.5 promotes the infil-
tration of neutrophils in the mouse lung.

PM2.5 exposure promotes expansion of PD-L1"9"
neutrophils

In order to investigate the impact of PM2.5 exposure on
neutrophil heterogeneity, we conducted subclustering
of neutrophils (1523 cells) from our scRNA-seq dataset
and identified 12 subpopulations that could be classified
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Fig. 1 PM2.5 exposure promotes neutrophil infiltration in mouse lung. (A) Schematic of the experimental model. (B) Representative histological images
of lungs by H&E staining. (C) Inflammation scores estimated from lung tissues with H&E staining. (D) UMAP visualization of 30 cell clusters (left) and 9
cell types in the lungs. (E) Boxplot showing the relative percentage of cell types across groups. (F) The relative percentage of neutrophils in the BALF.
(G) Immunofluorescence images of LY6G in mouse lung tissues. The data are shown as means +SEM. * p<0.05, ** p<0.01, *** p < 0.001, **** p < 0.0001

into three major groups based on differentially expressed
genes: Mmp8"8" subset, PdlI"®" subset, and Dusp5hieh
subset (Fig. 2A). Interestingly, the number of cells in
both the Pdl1"&" and Mmp8"€" subsets was significantly
higher in PM2.5-exposed mice compared to control mice
(Fig. 2B). Functional enrichment analysis of the Mmp8™eh
subset revealed significant up-regulation of metal ion
transport, dendritic cell chemotaxis, and ROS pathways,
while the Pdl1"" subset was predominantly enriched in
apoptotic and cell homeostasis pathways (Fig. 2C).

The upregulation of PD-L1 on neutrophils have been
shown to play a critical role in regulating immune
responses. Thus, we assessed the expression of PD-L1
(encoded by PdlI) at the protein level using flow cytom-
etry and observed a significant increase in the number of
PD-L1"¢" neutrophils in the lungs of mice following 14

days of continuous exposure to PM2.5 (Fig. 2D). Surpris-
ingly, we found that the expansion of PD-L1"&" neutro-
phils was already present on the third day of exposure
(Fig. 2D). To confirm these findings, we isolated neutro-
phils from the bone marrow of healthy adult C57BL/6
mice and performed both flow cytometry (Fig. 2E) and
immunofluorescence (Fig. 2F) analyses, which demon-
strated a significant increase in PD-L1 expression on neu-
trophils following PM2.5 (62 pg/cm?) stimulation. Taken
together, our results suggest that PM2.5 exposure pro-
motes the expansion of PD-L1"&" neutrophils in lungs.

PM2.5 exposure impaired the phagocytic function of
neutrophils in a PD-L1-dependent manner

To shed light on the function of PD-L1 highly expressed
neutrophils, we defined PdlIM®" and Pdl1'®" neutrophils



Luo et al. Respiratory Research (2024) 25:90 Page 4 of 16

A leiden
condition
400+ M control
B PM
Far
200, ==
4
V\'\é‘\ "\\&\ QX
erj Qé\'\ «Q‘b
® A\
&
1
1
i\ 38.8%
PM14d_3 )
\ 1
\ PM14d_2 '
transition metal ion transport \
denditic cell chemotaxis PM14d 1 0 18.1%
iron ion fransmembrane transport = 1
positive regulation of reactive oxygen species ! o8 20
biosynthetic process | PM3d_3 I//\ﬁ[ﬁ\f@.z %
dendritic cell migration / | T
/ 1
. / PM3d_2 e 358%
om 2 !
!
: PM3d_1 T @2%
_ -
\ 1
bp; Ctri3 . 899%
; intrinsic apoptotic signaling pathway in response to i
e DNA damage ! y
- leukocyte homeostasis Ctrl2 . 4.31%
4]03%{,, homeostasis of num?er of cells - 2 |
1R %~ positive ion of osteoclast di ati I
. gland development f . IC"H o o t '2'?1% .
ol / 100 101 102 103 1[)4 105
ferelo— PDL1
) PDL1 .
> . 50
‘ \ 2 2000 = v
formation of primary germ layer $ o NS =40 e —
gastrulation £ 1500 R
positive of epithelial cell pr o +
regulation of type B pancreatic cell proliferation - 2 8 30
acute ry response — & 1000 R >
; / 3 4 + 20
< —
/ 3 500 o]
Iy %_ o 10
§ =
§ 0 T T T 0 T T T
F E Ctrl PM3d  PM14d Ctrl PM3d PM14d
Ctrl
|
PDL1
21000 " 30 b
[2]
g —~
£ 800 §
; s —+
o
>200 - g 600 g
g » <
£ 180 o 400 b
E 5 £ <10
3 3 [=]
£ 160 o 200 o
8 c
8 140 3
=t 0 T T ~-800-
3 ] = cl PM 0 Ctr PM
i 120
c
C
2 100 T

ctl PM PDL1

Fig. 2 PM2.5 exposure promotes expansion of PD-L1"9" neutrophils. (A) UMAP visualization of 12 neutrophil subpopulations (left) and 3 neutrophil
subsets in the lungs. (B) Boxplot showing the counts of each neutrophil subsets across groups. (C) Representative differentially expressed genes and GO
enrichment pathways for each subset. (D) Flow cytometric analysis of PD-L1"9" neutrophils in the lungs: representative plots of PD-L1"9" neutrophils
(upper), and quantifications are depicted as MFI (lower left) and percentage (lower right). (E) Flow cytometric analysis of PD-L1 high cgl|s in isolated neutro-
phils: representative plots of PD-L1 high neutrophils (left), and quantifications are depicted as MFI (middle) and percentage (right). (F) Immunofluorescence
images for PD-L1 expression on isolated neutrophils (upper) and MFI for PD-L1 staining (bottom). The data are shown as means+SEM. * p<0.05, **
p<0.01,*** p<0.001, *** p<0.0001
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based on the expression levels of Pdl1 (threshold of 1)
in our scRNA-seq dataset (Fig. 3A). By calculating the
phagocytosis signature gene score for each cell using
AUCell, we found that PdlI™&" neutrophils exhibited
significantly lower enrichment of maturation signature
(Fig. 3B) and phagocytosis signature (Fig. 3C) compared
to Pdl1'" neutrophils, suggesting that impaired phago-
cytosis is a hallmark of P4/1"¢" neutrophils that were in
an immature state. In order to validate our findings, we
employed mCherry-tagged P aeruginosa to assess the
phagocytic activity of murine bone marrow neutrophils
following exposure to PM2.5. Intriguingly, neutrophils
exposed to PM2.5 (62 pg/cm?) exhibited a noteworthy
reduction in bacterial uptake, as illustrated in Supple-
mentary Fig. 1A-B. Consistent results were observed
in neutral red phagocytic assays, as depicted in Supple-
mentary Fig. 1C. However, as depicted in Fig. 2C, the
PM2.5-induced Pdl1"e" subset in lungs were found to
be enriched in apoptotic pathways. Recognizing that
neutrophils indeed underwent apoptosis at a concen-
tration of 62 pg/cm2 PM2.5 (Fig. 3D-E), we opted for a
lower concentration of PM2.5 (31 pg/cm?), which does
not induce apoptosis (Fig. 3D-E) but effectively triggers
the expression of PD-L1 (Supplementary Fig. 2A-C). The
results still demonstrated a diminished phagocytic capac-
ity in PM2.5-exposed neutrophils (Fig. 3F-H). Nota-
bly, the use of a PD-L1 monoclonal antibody effectively
restored this phagocytic defect, presenting a compelling
contrast to the isotype IgG antibody (Fig. 3F-H). Col-
lectively, these data demonstrate that PM2.5 exposure
impaired the phagocytic function of neutrophils in a PD-
L1-dependent manner.

Moreover, to explore the molecular pathways impli-
cated in PM2.5-induced inhibition of neutrophil phago-
cytosis by PD-L1, we performed protein—protein
interaction network analysis and KEGG analysis with
the differentially expressed genes (DEGs) of Pdl1"¢" neu-
trophils in our scRNA-seq dataset. Beyond the PD-L1
checkpoint pathway, our results exhibited a noteworthy
enrichment of pathways such as Toll-like receptor sig-
naling, mTOR signaling, TNF signaling, and PI3K-AKT
signaling (Supplementary Fig. 3). This observation sug-
gests a potential involvement of these pathways in the
impairment of neutrophil phagocytic function mediated
by PD-L1 following exposure to PM2.5.

PM2.5-exposed mice are susceptible to P. aeruginosa

Neutrophils are the primary phagocytes that form the
first line of cell-mediated host defense against bacterial
infection, leading us to hypothesize that PM2.5 exposure
may increase susceptibility to bacteria. Since we observed
a significant increase in the number of PD-L1M¢" neu-
trophils as early as 3 days following PM2.5 exposure
(Fig. 2D), we test this hypothesis by utilizing a mouse
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pneumonia model via intratracheally injecting PAO1
(5x10° CFU) into mice after continuous 3 days of PM2.5
exposure (Fig. 4A). All PM2.5-exposed mice succumbed
to P aeruginosa infection within 6 days, while 50% of
unexposed mice survived (Fig. 4B). Additionally, PM2.5
exposure resulted in increased hypothermia (Fig. 4C) and
weight loss (Fig. 4D) compared to unexposed mice during
infection. Furthermore, PM2.5-exposed mice displayed
impaired bacterial clearance in the lungs and BALF, with
increased dissemination into the liver and spleen after
infection, compared to unexposed mice (Fig. 4E). We
also noted an elevated infiltration of inflammatory cells
and higher levels of acute inflammation in lung tissues in
PM2.5-exposed mice, in addition to a marked increase
in the number of neutrophils in BALF during P. aerugi-
nosa infection (Fig. 4F-H). Moreover, we probed for the
expression of proinflammatory cytokines mRNA, includ-
ing Tuf, 1l1b, and 116, and found that their levels were
significantly higher in the lungs of PM2.5-exposed mice
upon infection (Fig. 4I). Collectively, these data suggest
that PM2.5 exposure increases vulnerability to P aeru-
ginosa and aggravates inflammatory lung injury in mice
upon infection.

Blocking of PD-L1 reduces susceptibility to P. aeruginosa
induced by PM2.5 exposure

Next, we employed flow cytometry to verify the expres-
sion of PD-L1 on neutrophils in our murine model of
infection. Our results revealed a significantly higher
proportion of neutrophils with high levels of PD-L1 in
PM2.5-exposed mice compared to unexposed mice fol-
lowing P aeruginosa infection (Fig. 5A). These findings
were confirmed by lung tissue immunofluorescence,
which showed an increased number of PD-L1"¢" neutro-
phils in PM2.5-exposed mice during infection relative to
unexposed mice (Fig. 5B).

We then hypothesized that prophylactic treatment with
anti-PD-L1 antibody would improve susceptibility to
bacterial infection induced by PM2.5. Administration of
anti-PD-L1 monoclonal antibody to PM2.5-exposed mice
before infection (Fig. 6A) resulted in significant improve-
ments to reduce bacterial burden and dissemination
compared to PM2.5-exposed mice that received the anti-
body (Fig. 6B). Accordingly, anti-PD-L1 treatment was
effective in reducing lung inflammation score (Fig. 6C-D),
BALF neutrophil counts (Fig. 6E), and expression of pro-
inflammatory cytokines (Fig. 6F) in PM2.5-exposed mice
upon P aeruginosa infection. In contrast, the isotype
control antibody failed to exhibit similar improvements
in bacterial burden and lung inflammatory infiltration,
thereby confirming the specificity and effectiveness of the
anti-PD-L1 treatment (Supplementary Fig. 4). Addition-
ally, to investigate whether the antibody would deplete
PD-L1"e" neutrophils in mice, we conducted a flow
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cytometric analysis. We observed a substantial decrease
in the percentage of PDL1M&" neutrophils in mice
exposed to PM2.5 and treated with a PD-L1 antibody, in
contrast to mice treated with an isotype antibody, upon P
aeruginosa infection (Supplementary Fig. 5).

Discussion

Neutrophils are critical in initiating an immune response
to inflammation. Previous studies have shown that expo-
sure to PM2.5 can increase neutrophil recruitment and
activation in the lungs, leading to tissue damage and
inflammation [11, 15]. In line with previous studies, we
exposed mice to PM2.5 and observed a notable eleva-
tion in neutrophilic infiltration within lung tissues in our
current study. Traditionally, neutrophils were considered
as a relatively homogeneous cell population; however,
recent research has uncovered significant heterogeneity
within the neutrophil population in various conditions
such as autoimmune diseases, sepsis, and tumor micro-
environments [16—18]. Given the variations within the
neutrophil population, it is reasonable to speculate that
different subsets of neutrophils may have distinct roles
in response to PM2.5 stimulation. Consistent with this
notion, our scRNA-seq analysis showed that exposure to
PM2.5 led to an increase of both Pdl1"&" and Mmpsheh
subsets of neutrophils, with functionally enriched path-
ways demonstrating unique patterns for each subset.
Previous research has shown that MMP8 plays a role
in the chemotaxis and migration of neutrophils dur-
ing inflammation [19]. Interestingly, our findings sug-
gest that the Mmp8"e" subset was functionally enriched
in metal ion transport, chemotaxis, and ROS pathways,
indicating their potential contribution to the activation of
inflammation and oxidative stress injury following PM2.5
exposure. However, further investigation is required to
determine the specific role of MMP8"#" neutrophils dur-
ing PM2.5 exposure.

Our study showed a remarkable expansion of neu-
trophils expressing PD-L1 after exposure to PM2.5. We
further validated this finding through flow cytometry
and immunofluorescence experiments, which confirmed
the upregulation of PD-L1 on neutrophils after PM2.5
stimulation. Importantly, the expression of PD-L1 by
neutrophils under the influence of PM2.5 has not been
previously reported. Although PD-L1 has been defined
on NKT cells [20] and epithelial cells [21] upon particu-
late matter exposure, it has not been identified in granulo-
cytes. The expansion of neutrophils expressing PD-L1 in
response to PM2.5 exposure highlights a potential mech-
anism through which the immune system may respond
to airborne particulate matter. The PD1/PD-L1 axis func-
tions as a brake mechanism in restricting the immune
response, preventing immune over-activation and tissue
damage, and inhibiting the beneficial T-cell functions in
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antitumor immunity [12]. Recently, PD-L1-expressing
neutrophils have gained increasing recognition due to
their abundant presence and rapid responsiveness com-
pared to other immune cells. Previous study has shown
that cancer-associated fibroblasts induce PD-L1"¢" neu-
trophils via the IL6-STAT3 signaling pathway, promoting
immune suppression in hepatocellular carcinoma [22].
Additionally, tumor-derived lactate induces the expan-
sion of PD-L1high neutrophils via MCT1/NF-kB/COX-2,
inhibiting the efficacy of lenvatinib [23]. Accumulating
evidence also suggests that PD-L1"8" neutrophils play a
key role not only in cancer immunomodulation, but also
in inflammatory diseases. In COVID-19 cases, it has been
observed that macrophage SPP1 drives the differentiation
of PD-L1"¢" neutrophils, which are considered hallmarks
of severe COVID-19 [24]. In sepsis, the neutrophil subset
of highly expressed PD-L1 exert an immunosuppressive
effect through direct contact, inhibiting T-cell activation
and promoting T-cell apoptosis and trans-differentiation
[14]. In the present study, our functional enrichment
study showed that the PdlI"&" subset was predominantly
enriched in apoptotic and cell homeostasis pathways,
indicating that the upregulation of PD-L1 on neutrophils
may serve as a protective mechanism during exposure to
PM2.5, allowing these cells to regulate their own activity
and/or modulate the activity of other immune cells in the
lung microenvironment. Nevertheless, the upregulation
of apoptotic pathway in PdlI"8" subset seems contradic-
tory to the previous finding that increased PD-L1 expres-
sion on human neutrophils during sepsis delays cellular
apoptosis via the PI3K-AKT pathway [25]. Further stud-
ies are needed to investigate the specific molecular path-
ways that regulate neutrophil apoptosis in response to
PD-L1 expression during PM2.5 exposure.

Excessive accumulation of PD-L1M8" neutrophils
may also contribute to local immune suppression and
impaired host defense against respiratory infections.
Neutrophils constitute a crucial element of the innate
immune system and represent the first line defenders
in protecting the host from bacterial infections. Their
phagocytic activity, which involves the internalization
and elimination of invading pathogens, is one of their
essential functions [26]. Recent mass cytometry study
has revealed that PD-L1"&" immature neutrophils exhibit
reduced activation and phagocytic capabilities during
sepsis [27]. Our study confirms this observation by dem-
onstrating that exposure to PM2.5 impairs the phagocytic
function of neutrophils, with antibody blocking indicat-
ing a dependence on PD-L1. This suggests that exposure
to PM2.5 may lead to weakened protection against bacte-
rial invasion. Intriguingly, we indeed observed that mice
exposed to PM2.5 exhibited increased susceptibility to P
aeruginosa infection, as evidenced by decreased survival
rate, pronounced hypothermia and weight loss, impaired
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bacterial clearance, increased dissemination into liver
and spleen, as well as enhanced inflammation within lung
tissues. Consistent with our findings, prior research has
shown that the abundance of PD-L1-expressing neutro-
phils predicts prognosis in sepsis [28]. A period of vul-
nerability to infection after thermal injury is found to
be associated with PD-L1M#" neutrophil accumulation
in the lung [29]. In animal models of sepsis, treatment
with PD-L1 antibodies has been demonstrated to con-
fer survival benefits [30], and PD-L1-deficient animals
exhibit improved survival rates compared to wild-type
counterparts [25]. Blockade of PD-L1 improves infection
outcomes and enhances host defense against Rhizopus
arrhizus [31]. Consistently, our study demonstrated a sig-
nificant improvement in bacterial clearance and reduced
inflammation following anti-PD-L1 monoclonal antibody
therapy for PM2.5-exposed mice, suggesting that target-
ing PD-L1 may be a promising therapeutic strategy to
alleviate bacterial infection vulnerability provoked by
PM2.5 exposure. Further studies are necessary to fully
comprehend the underlying molecular mechanisms and
clinical implications of our findings.

In our study, the interplay between PD-L1 and key
signaling pathways, such as mTOR and PI3K-AKT, in
neutrophils following PM2.5 exposure has emerged as
significant. In T cells, PD-1 has been implicated in PTEN
activation, leading to the inhibition of TCR-mediated
PI3K/AKT activation [32]. Conversely, the PI3K/AKT/
mTOR pathway exerts control over PD-L1 expression.
Dysregulated activation of the PI3BK/AKT/mTOR path-
way results in enhanced PD-L1 post-transcription and
protein translation. For instance, heightened AKT/
mTOR expression stimulates PD-L1 expression in mice,
whereas inhibitors related to the PI3K/AKT/mTOR
pathway decrease PD-L1 expression [33, 34]. However,
recent studies have demonstrated a reciprocal relation-
ship, showing that PD-L1 overexpression can activate the
PI3K/AKT/mTOR pathway. PD-L1 has been identified as
promoting the growth of head and neck squamous cell
carcinoma cells through mTOR signaling [35]. In acute
myeloid leukemia, PD-L1 regulates cell proliferation by
activating the PI3K-AKT signaling pathway [36]. In the
context of neutrophils, PD-L1 forms complexes with the
p85 subunit of PI3K, activating AKT-dependent survival
signaling during sepsis [25]. Additionally, PD-L1 main-
tains the release of neutrophil extracellular traps by mod-
ulating autophagy through the PI3K/Akt/mTOR pathway
in acute respiratory distress syndrome [37]. Interestingly,
a study has highlighted that the collaboration of PM2.5
with P. aeruginosa leads to the inhibition of alveolar mac-
rophage phagocytosis, exerting its influence through the
intricate mTOR pathway. This discovery also underscores
a profound connection between PM2.5 and mTOR-
related pathway, elucidating their role in dampening
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immune cell activity [38]. Nonetheless, it’s essential to
note that our findings are rooted in bioinformatics analy-
ses, necessitating careful interpretation and underscoring
the imperative requirement for experimental validation.
Future investigations will play a crucial role in elucidat-
ing the upstream/downstream regulatory relationships
and the molecular intricacies of these interactions, pro-
viding a more profound comprehension of the regulatory
mechanisms involving PM2.5-induced PD-L1 in neutro-
phil function.

An intriguing observation in our study is the dramatic
increase in macrophages within mouse lungs follow-
ing PM2.5 stimulation. It is plausible to hypothesize that
PM2.5 may also impair the functionality of these mac-
rophages. Indeed, recent studies have highlighted that
PM2.5 can suppress the phagocytic activity of macro-
phages, thereby worsening bacterial infections [38—40].
Moreover, a recent report has demonstrated that the
expression of PD-1 by tumor-associated macrophages
can hinder both phagocytosis and anti-tumor immune
responses [41]. However, the question of whether PM2.5
might suppress macrophage phagocytic function by
inducing PD-L1 expression remains unclear and warrants
investigation in future studies.

In summary, our study provides valuable insights into
the pathogenic mechanisms underlying the detrimen-
tal impact of PM2.5 exposure on respiratory health. Our
results demonstrate that PM2.5 exposure induces neu-
trophil infiltration and PD-L1M#" neutrophil expansion
in murine lungs, which hampers neutrophil phagocytic
activity via a PD-L1-dependent mechanism, thereby
exacerbating susceptibility to bacterial infections like P
aeruginosa. Targeting PD-L1 might be a promising thera-
peutic strategy to reduce the risk of bacterial infection in
individuals exposed to PM2.5.

Methods

Reagents

All reagents, antibodies and their providers are listed
as follows: HE Staining Kit (Beyotime, C0105S, China),
pseudomonas selective medium (Huankai, 027054B,
China), collagenase type IV (Worthington, LS004186,
America), rat anti-CD45-FITC (Invitrogen, 11-0451-82,
America), rat anti-Ly6G-APC (Invitrogen, 17-9668-80,
America), rat anti-CD274-PE (Invitrogen, 12-5982-81,
America), 7-AAD (Bioegend, 420,403, America), rat
anti-Ly6G (Invitrogen, 14-5931-82, America), mouse
anti-PD-L1(Invitrogen, 14-5983-82, America), anti-fade
mounting medium containing DAPI stain (Beyotime,
P0131, China), Percoll cell separation solution (Beyo-
time, BS909, China), RBC lysis buffer (Biosharp, BL503B,
China), neutral red kit (Beyotime, C0013, China),
fetal bovine serum (Gibco, C0235, America), RPMI-
1640 (Gibco, C11875500BT, America), IMDM (Gibco,
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C12440500BT, America), PD-L1 monoclonal antibody
(BioXcell, BE0101, America), Isotype control Rat IgG2b
K (BioXcell, BE0O090, America), Annexin V-APC/DAPI
Apoptosis Kit (Elabscience, E-CK-A258B, China,).

PM2.5-exposed murine model

All animal experiments were performed and approved in
accordance with the guidelines of the Institutional Ani-
mal Care and Use Committee in Southwest Jiaotong Uni-
versity. Female C57BL/6 mice (18-20 g, 6—-8 weeks old)
were obtained from Tengxin Biotechnology Company.
Upon arrival, the mice were acclimated for 1 week under
specific pathogen-free (SPF) conditions. They were pro-
vided with ad libitum access to food and water and main-
tained under a 12-hour light-dark cycle to ensure optimal
health and well-being. PM2.5-exposed model was pre-
pared as our previously described [2]. Briefly, mice were
exposed to PM2.5 (100 pg) via intranasal inhalation for
continuous 14 days. On the 15th day, all mice were eutha-
nized, and their lung tissues were collected. Bronchoalve-
olar lavage fluid (BAL F) was obtained using pre-cooling
PBS, and the total number of cells was counted. The cells
in the BALF were then classified under a microscope
after Wright-Giemsa dye staining.

Histology

The right lower lung tissue was carefully extracted from
each mouse and subsequently fixed by immersing it in
a 4% paraformaldehyde solution. To prepare the tis-
sue for analysis, routine paraffin embedding was per-
formed, and the resulting lung tissue blocks were sliced
into 5-pum-thick sections using a precision microtome.
Hematoxylin-eosin (HE) staining was conducted on the
tissue sections, following the standardized instructions
provided with the staining kit. In line with our previ-
ous method [42], we determined the inflammation score
based on H&E slides. This involved scoring the severity
of inflammatory cell infiltrates around airways and ves-
sels for greatest severity (0: normal; 1: <3 cell diameter
thick; 2: 4-10 cells thick; 3: >10 cells thick) and overall
extent (0: normal; 1: <25% of the sample; 2: 25-75%; 3:
>75%) in a blinded fashion. The index was calculated by
multiplying severity by extent, with a maximum possible
score of 9.

For tissue immunofluorescence analysis, the paraffin
sections were initially deparaffinized and subjected to
antigen retrieval. Subsequently, to prevent non-specific
binding, the sections were blocked with 10% goat serum
at 37 °C for 45 min. The specific marker Ly6g antibody
was then employed to target and label neutrophils, and
the sections were incubated overnight at 4 °C. Following
this primary antibody incubation, a fluorescently labeled
secondary antibody was applied and incubated at 37 °C
for 1 h. To further investigate the expression patterns
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of interest, the PD-L1 antibody was subsequently intro-
duced and allowed to incubate for 2 h at room temper-
ature. Nuclei were finally stained with DAPI to enable
precise cellular localization. The samples were scanned
using the VS200 whole slide scanner from Olympus. The
obtained digital images were then subjected to quantita-
tive analysis utilizing the CellSens Dimension Software.

Single-cell RNA sequencing

Lung tissue scRNA-seq was performed as our previ-
ously described [43]. Briefly, upon collection, freshly
cells underwent immediate quantification and were pro-
cessed using the Chromium Next GEM Single Cell 3’ Kit
v2 (10x Genomics) as per the manufacturer’s instruc-
tions. Subsequently, libraries were constructed follow-
ing the recommended protocols provided by Illumina.
To ensure library quality, insert size was measured using
a bioanalyzer from Agilent, while DNA concentration
was determined using a Qubit fluorometer. The effec-
tive concentration of each library was further assessed
through quantitative polymerase chain reaction. Finally,
these libraries were sequenced using the NextSeq 2000
platform (Illumina). To align the sequence data to the
GRCm38/91 (mm10) reference genome, obtained from
the 10x Genomics official website, Cell Ranger (V6.1.1,
Linux) was utilized. The resulting filtered cells and their
respective counts were then subjected to analysis utiliz-
ing Scanpy (http://github.com/theislab/Scanpy). This
comprehensive analysis pipeline included basic filter-
ing (min_genes=200), total count normalization, iden-
tification of highly variable genes, computation of the
neighborhood graph, identification of marker genes, and
visualizations. Gene signature sets in AUCell have been
included in Supplementary Table 1. Interaction network
visualization was performed using the Cytoscape.

Flow cytometry

Cells were obtained from mouse lung tissue using a pre-
viously established enzymatic digestion method. Briefly,
the lung tissue was carefully placed in RPMI on ice and
subsequently cut into small fragments measuring less
than 1 mm. These fragments were then subjected to a
10-minute digestion with collagenase IV in a 37°C shaker.
Following digestion, the liquid mixture was passed
through a 70 pm cell strainer and centrifuged at 500 g
for 5 min at 4 °C to separate the cell pellet. To eliminate
red blood cells, the cell pellet was resuspended in 1 ml of
RBCs lysate for 1 min at room temperature. After centrif-
ugation, the cells were resuspended in RPMI-2%FBS, and
their viability was assessed using trypan blue staining.
Anti-CD45-FITC was added to label white blood cells,
while anti-Ly6g-APC was used to specifically mark neu-
trophils. Additionally, anti-PD-L1-PE was included and
incubated in the dark for 30 min. Following incubation,
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the cells were centrifuged and washed twice with PBS.
The resulting cell pellet was resuspended in 100 pl of
PBS-2%FBS, and 7AAD was added, after which the mix-
ture was incubated for 5 min. The neutrophils were sub-
sequently assessed using flow cytometry on the SH800S
platform (Sony). The gating strategies utilized in this
study are presented in the supplementary Fig. 6.

Bacteria preparation

The PAO1 and PAO1-mCherry strains were generously
provided by Xikun Zhou from the West China School
of Medicine, Sichuan University. These bacterial strains
were activated by shaking them overnight at 37 °C and
220 rpm. Subsequently, 1 ml of the bacterial liquid was
resuspended in 5 ml of fresh LB medium and cultured
with continuous shaking for approximately 2 h, ensuring
that the bacteria reached the logarithmic growth phase
[44]. To determine the concentration of the bacterial
solution, a microplate reader was utilized to measure the
optical density (OD) value at 600 nm. The conversion for-
mula between OD value and CFU (colony forming unit)
follows the established ratio of 10D=1x10° CFU.

Bone marrow neutrophil isolation

Neutrophils were obtained from the bone marrow of
female C57BL/6 mice (6-8 weeks old). Neutrophils
were isolated from the collected bone marrow using
neutrophil separation solution with gradient centrifu-
gation, followed by red blood cell lysis. The neutrophils
were carefully washed twice with PBS. Afterwards, they
were centrifuged and resuspended in IMDM-20% FBS
medium. The cells were then cultured in a 37 °C incuba-
tor with 5% CO2. Flow cytometry was used to test the
purity of neutrophils.

Bacterial phagocytosis assay

Live-cell imaging was employed to observe the phagocy-
tosis process of bacteria by neutrophils. Isolated neutro-
phils were evenly distributed on a glass-bottom 96-well
plate, with a cell count of 10° per well. Neutrophils were
treated with 62 pg/cm?® of PM2.5 and 50 pg/ml of PD-L1
mAb for a duration of 3 h. After the PM2.5 treatment,
the medium was carefully aspirated, and the cells were
thoroughly washed with PBS. Antibiotic-free medium
was then added to support the ongoing cellular pro-
cesses. Following this, mCherry-PAO1 was introduced
to the incubation process at a multiplicity of infection
(MOI) of 10:1. To capture the dynamic nature of the
phagocytic process, the 96-well plate was placed on an
Olympus IX-83 live-cell imaging system, maintaining a
constant temperature of 37 °C and a CO2 concentration
of 5%. Time-lapse images were recorded at intervals of 5
minutes over a period of 3 h. As previously outlined [45],
the phagocytosis index was determined as the average

Page 13 of 16

number of phagocytized bacteria within each neutrophil.
Specifically, the phagocytosis index is calculated as fol-
lows: phagocytosis index=number of bacteria phagocy-
tized by 100 neutrophils/100.

Neutral red phagocytosis assay

Isolated neutrophils were seeded in 96-well plates at a
density of 10° cells per well. The cells were treated with
62 pg/cm? of PM2.5 [46] and 50 pg/ml of PD-L1 mAb/
isotype control for a duration of 3 h. After removing the
supernatant, the cells were thoroughly washed with PBS
to eliminate any residual substances. Subsequently, 200 pl
of cell culture medium and 20 pl of neutral red staining
solution was added to each well. The cells were then incu-
bated with the neutral red dye for 2 hours, and carefully
rinsed twice with sterile PBS. Following this, 200 ul of
neutral red detection lysate was added to each well, and
the samples were placed on a shaker at room temperature
for 10 min to facilitate cell lysis. Finally, the absorbance of
each well was measured using a microplate reader, with a
reference wavelength set at 690 nm.

PM2.5-exposed PA infection model

PM2.5 (100 pg in 50 pl PBS) were intranasally instilled
into the female C57BL/6 mice (18-20 g, 6—8 weeks old)
once per day for 3 consecutive days. For PD-L1 blocking
experiments, a single intraperitoneal injection of PD-L1
monoclonal antibody (200 pg in 100 pl) or same dose
of isotype control antibody was administrated on the
third day of PM2.5 exposure. Subsequently, a single dose
of PAO1 (5x10° CFU in 50 ul PBS) was intratracheally
injected to induce the lung infection model. Their body
temperature and body weight were measured before
administration and prior to euthanasia. The percentage
change in body weight was calculated using the following
formula: percentage of initial body-weight change=final
weight / initial weight x 100. Throughout the experiment,
the mice were diligently monitored for symptoms and
were humanely euthanized when they became moribund.
The survival rate was recorded and represented using a
Kaplan-Meier curve (n=8 for each group).

Bacterial loading assay

Twenty-four hours after the inoculation of bacteria,
the lungs, livers, and spleens were carefully collected,
weighed, and placed in EP tubes containing 1 ml of
PBS. To facilitate homogenization, small steel balls were
added to the tubes, which were then placed in a grinder
for grinding. The homogenization process involved 20 s
of homogenization at a frequency of 65 Hz, repeated 10
times with 10-second intervals. The resulting tissue sus-
pension was centrifuged at room temperature with a
force of 10,000 g for 1 min. Subsequently, all the superna-
tant was carefully transferred to a new EP tube. Both the
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BALF and the tissue supernatant were subjected to serial
dilution, and 100 pl of the diluents were evenly spread
onto selective medium [42]. The plates containing the
samples were then incubated overnight in a 37 °C incu-
bator. Following incubation, the bacterial colonies were
counted.

Quantitative PCR analysis of RNA expression

The total RNA from the tissue samples was isolated using
the FastPure Tissue Total RNA Isolation Kit (Vazyme,
RC101-01). The concentration and purity of the
extracted RNA were assessed using the ScanDrop system
(Analytik Jena AG, GER). Subsequently, the RNA was
converted into cDNA using a Reverse Transcription Kit
(Vazyme, R223-01) following the manufacturer’s instruc-
tions. Quantitative PCR was performed using SYBR solu-
tion obtained from Vazyme (SQ101), adhering to the
manufacturer’s protocols. Primers have been included in
Supplementary Table 2.

Apoptosis analysis

Bone marrow-derived neutrophils underwent exposure
to varying concentrations (0, 15.5, 31, and 62 pg/cm?)
of PM2.5 at 37°C for a duration of 3 h. Each treatment
consisted of 2x1075 cells per well, with meticulous trip-
licate replication. Subsequent to two thorough washes
with PBS, the cells underwent processing following the
Annexin V-APC/DAPI Apoptosis Kit protocol. The
samples were promptly subjected to analysis using the
SHB800S platform (Sony).

Statistical analysis

In this study, Graphpad Prism 7 was performed to con-
duct the statistical analysis. The experimental data is
presented as meanststandard error (SEM). Two group
comparisons were analyzed by non-paired t-test. Mul-
tiple group comparisons were analyzed using one-way
ANOVA. The p-value<0.05 was considered to indicate a
statistically significant difference.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512931-023-02640-x.

Supplementary Material 1: Supplementary Fig. 1: Representative images
of the phagocytosis process of mCherry-PAO1 by neutrophils. (A) Quantifi-
cations of (B) are depicted as phagocytic index. (C) Phagocytic function of
neutrophils assessed by neutral red phagocytosis assay. data are shown as
means+SEM. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001

Supplementary Material 2: Supplementary Fig. 2: Flow cytometric
analysis of PD-L1 +cells in isolated neutrophils: representative plots of
PD-L1+ neutrophils (A), and quantifications are depicted as percentage (B)
and MFI (C)

Supplementary Material 3: Supplementary Fig. 3: The interaction
network diagram of proteins and KEGG pathways. the blue dotted lines
represent protein—protein associations; the white dotted lines represent
the associations with KEGG pathways

Page 14 of 16

Supplementary Material 4: Supplementary Fig. 4: Bacterial burden in the
BALF, lung, liver, and spleen are shown in CFU (A). Representative histologi-
cal images of lungs by H&E staining (B). Inflammation scores estimated
from lung tissues with H&E staining (C). The counts of neutrophils in the
BALF (D)

Supplementary Material 5: Supplementary Fig. 5: Flow cytometric analy-
sis of PD-L1 +neutrophils in the lungs: representative plots of PD-L1+ neu-
trophils (left), and quantifications are depicted as percentage (upper right)
and MFI (lower right)

Supplementary Material 6: Supplementary Fig. 6: Flow cytometric
gating strategy of PD-L1+ neutrophils in the lungs (A) and PD-L1 +cells in
isolated neutrophils (B)

Supplementary Material 7: Supplementary Table. 1: Neutrophil gene
signatures

Supplementary Material 8: Supplementary Table. 2: gPCR primers

Author contributions

Li Luo: Writing—original draft, Methodology. Manling Jiang: Methodology,
Investigation, Data curation, Editing. Ying Xiong: Writing—original draft,
Methodology. Anying Xiong: Methodology. Lei Zhang: Methodology. Dehong
Wu: Methodology. Yao Liu: Methodology. Qin Ran: Methodology. Jiliu Liu: Data
curation. Yi Zhang: Data curation. Jiahuan Li: Data curation. Xiang He: Funding
acquisition, Conceptualization, Supervision. Junyi Wang: Funding acquisition,
Conceptualization, Supervision, Writing-review & editing. Guoping Li: Funding
acquisition, Conceptualization, Supervision, Writing-review & editing. All
authors read and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(82370022, 82370023, and 82200079), the National Key Clinical Specialist
Construction Project (2023031 L), Natural Science Foundation of Sichuan
(2022NSFSC1324, 23NSFSC1736), Chengdu High-level Key Clinical Specialty
Construction Project (ZX20201202020), Chengdu Science and Technology
Bureau (2021-YF09-00102-SN and 2020-YF05-00003-SN), Sichuan Medical
Association (Q21061), Sichuan Provincial Administration of Traditional Chinese
Medicine (2020356), and the Health Commission of Chengdu (2022193 and
2022194).

Data availability
Data will be made available on request.

Declarations

Ethics approval and consent to participate

All animal experiments were performed and approved in accordance with the
guidelines of the Institutional Animal Care and Use Committee in Southwest
Jiaotong University.

Competing interests
The authors declare no competing interests.

Author details

'Laboratory of Allergy and Precision Medicine, Department of Pulmonary
and Critical Care Medicine, Chengdu Institute of Respiratory Health, The
Third People’s Hospital of Chengdu, Affiliated Hospital of Southwest
Jiaotong University, Chengdu 610031, China

“State Key Laboratory of Quality Research in Chinese Medicine, Macau
University of Science & Technology, Macao Special Administrative Region,
Taipa, China

3Department of Pulmonary and Critical Care Medicine, Sichuan
Friendship Hospital, Chengdu, China

“North Sichuan Medical College, Nanchong, China

Received: 10 July 2023 / Accepted: 15 December 2023
Published online: 14 February 2024


https://doi.org/10.1186/s12931-023-02640-x
https://doi.org/10.1186/s12931-023-02640-x

Luo et al. Respiratory Research

(2024) 25:90

References

1.

20.

22.

23.

Schraufnagel DE, Balmes JR, De Matteis S, Hoffman B, Kim WJ, Perez-Padilla R,
Rice M, Sood A, Vanker A, Wuebbles DJ. Health benefits of Air Pollution reduc-
tion. Ann Am Thorac Soc. 2019;16:1478-87.

He X, Zhang L, Liu S,Wang J, LiuY, Xiong A, Jiang M, Luo L, Ying X, Li G.
Methyltransferase-like 3 leads to lung injury by up-regulation of interleukin
24 through N6-methyladenosine-dependent mRNA stability and translation
efficiency in mice exposed to fine particulate matter 2.5. Environ Pollut.
2022,308:119607.

Lipfert FW. A critical review of the ESCAPE project for estimating long-term
health effects of air pollution. Environ Int. 2017,99:87-96.

Atkinson RW, Kang S, Anderson HR, Mills IC, Walton HA. Epidemiological
time series studies of PM2.5 and daily mortality and hospital admissions: a
systematic review and meta-analysis. Thorax. 2014,69:660-5.

Wise J. Pollution: 90% of world population breathes air that exceeds WHO
targets on particulate matter. BMJ. 2023;380:615.

Gordon SB, Bruce NG, Grigg J, Hibberd PL, Kurmi OP, Lam KB, Mortimer K,
Asante KP, Balakrishnan K, Balmes J, et al. Respiratory risks from household

air pollution in low and middle income countries. Lancet Respir Med.
2014;2:823-60.

Li R, Jiang N, Liu Q, Huang J, Guo X, Liu F, Gao Z. Impact of Air pollutants on
Outpatient visits for Acute respiratory outcomes. Int J Environ Res Public
Health. 2017;14.

Xia X, Zhang A, Liang S, Qi Q, Jiang L, Ye Y. The Association between Air
Pollution and Population Health risk for Respiratory Infection: a case study of
Shenzhen, China. Int J Environ Res Public Health. 2017;14.

Strosnider HM, Chang HH, Darrow LA, Liu Y, Vaidyanathan A, Strickland MJ.
Age-Specific associations of ozone and fine particulate matter with Respira-
tory Emergency Department Visits in the United States. Am J Respir Crit Care
Med. 2019;199:882-90.

Pun VC, Kazemiparkouhi F, Manjourides J, Suh HH. Long-term PM2.5 exposure
and respiratory, Cancer, and Cardiovascular Mortality in older US adults. Am J
Epidemiol. 2017,186:961-9.

He X, Zhang L, Xiong A, Ran Q Wang J, Wu D, Niu B, Liu S, Li G. PM2.5
aggravates NQOT-induced mucus hyper-secretion through release of
neutrophil extracellular traps in an Asthma model. Ecotoxicol Environ Saf.
2021;218:112272.

Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1 and its ligands in tolerance
and immunity. Annu Rev Immunol. 2008;26:677-704.

Kornepati AVR, Vadlamudi RK, Curiel TJ. Programmed death ligand 1 signals in
cancer cells. Nat Rev Cancer. 2022,22:174-89.

Qi X, YuY, Sun R, Huang J, Liu L, Yang Y, Rui T, Sun B. Identification and charac-
terization of neutrophil heterogeneity in sepsis. Crit Care. 2021;25:50.

Zhao C, PuW, Wazir J, Jin X, Wei L, Song S, Su Z, Li J, Deng Y, Wang H. Long-
term exposure to PM2.5 aggravates pulmonary fibrosis and acute lung

injury by disrupting Nrf2-mediated antioxidant function. Environ Pollut.
2022;313:120017.

Xue R, Zhang Q, Cao Q, Kong R, Xiang X, Liu H, Feng M, Wang F, Cheng J, Li

Z, et al. Liver tumour immune microenvironment subtypes and neutrophil
heterogeneity. Nature. 2022;,612:141-7.

Xie X, Shi Q Wu P, Zhang X, Kambara H, Su J, Yu H, Park SY, Guo R, Ren Q, et
al. Single-cell transcriptome profiling reveals neutrophil heterogeneity in
homeostasis and Infection. Nat Immunol. 2020;21:1119-33.

Ng LG, Ostuni R, Hidalgo A. Heterogeneity of neutrophils. Nat Rev Immunol.
2019;19:255-65.

Lin M, Jackson P, Tester AM, Diaconu E, Overall CM, Blalock JE, Pearlman E.
Matrix metalloproteinase-8 facilitates neutrophil migration through the
corneal stromal matrix by collagen degradation and production of the
chemotactic peptide Pro-gly-pro. Am J Pathol. 2008;173:144-53.

Thio CL, Lai AC, Wang JC, Chi PY, Chang YL, Ting YT, Chen SY, Chang YJ. Identi-
fication of a PD-L1+Tim-1+iNKT subset that protects against fine particulate
matter-induced airway inflammation. JCl Insight. 2022;7.

Rui C, Defu L, Lingling W, Jiahui D, Richeng X, Yuanyuan Y, Zhenhui G, Wenjie
H. Cigarette smoke or motor vehicle exhaust exposure induces PD-L1 Upreg-
ulation in Lung epithelial cells in COPD Model rats. COPD. 2022;19:206-15.
Cheng, LiH, Deng Y, Tai Y, Zeng K, Zhang Y, Liu W, Zhang Q, Yang Y. Cancer-
associated fibroblasts induce PDLT + neutrophils through the IL6-STAT3
pathway that foster immune suppression in hepatocellular carcinoma. Cell
Death Dis. 2018,9:422.

Deng H, Kan A, Lyu N, He M, Huang X, Qiao S, Li S, Lu W, Xie Q, Chen H, et al.
Tumor-derived lactate inhibit the efficacy of lenvatinib through regulating

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 15 of 16

PD-L1 expression on neutrophil in hepatocellular carcinoma. J Immunother
Cancer. 2021,9.

MacDonald L, Alivernini S, Tolusso B, Elmesmari A, Somma D, Perniola S,
Paglionico A, Petricca L, Bosello SL, Carfi A, et al. COVID-19 and RA share an
SPP1 myeloid pathway that drives PD-L1+ neutrophils and CD14 +mono-
cytes. JCl Insight. 2021;6.

Wang JF, Wang YP, Xie J, Zhao ZZ, Gupta S, Guo Y, Jia SH, Parodo J, Marshall
JC, Deng XM. Upregulated PD-L1 delays human neutrophil apoptosis and
promotes lung injury in an experimental mouse model of sepsis. Blood.
2021;138:806-10.

Liew PX, Kubes P. The Neutrophil's role during Health and Disease. Physiol
Rev. 2019;99:1223-48.

Meghraoui-Kheddar A, Chousterman BG, Guillou N, Barone SM, Granjeaud S,
Vallet H, Corneau A, Guessous K, de Roquetaillade C, Boissonnas A, et al. Two
New Neutrophil subsets define a discriminating Sepsis signature. Am J Respir
Crit Care Med. 2022;205:46-59.

Derigs M, Heers H, Lingelbach S, Hofmann R, Hanze J. Soluble PD-L1 in blood
correlates positively with neutrophil and negatively with lymphocyte mRNA
markers and implies adverse sepsis outcome. Immunol Res. 2022,70:698-707.
Thanabalasuriar A, Chiang AJ, Morehouse C, Camara M, Hawkins S, Keller AE,
Koksal AC, Caceres CS, Berlin AA, Holoweckyj N, et al. PD-L1(+) neutrophils
contribute to injury-induced Infection susceptibility. Sci Adv. 2021;7.

Chen J,Chen R, Huang S, Zu B, Zhang S. Atezolizumab alleviates the immu-
nosuppression induced by PD-L1-positive neutrophils and improves the
survival of mice during sepsis. Mol Med Rep. 2021;23.

Wurster S, Albert ND, Bharadwaj U, Kasembeli MM, Tarrand JJ, Daver N,
Kontoyiannis DP. Blockade of the PD-1/PD-L1 Immune Checkpoint Pathway
improves Infection outcomes and Enhances Fungicidal Host Defense in

a murine model of Invasive Pulmonary Mucormycosis. Front Immunol.
2022;13:838344.

Jiang X, Wang J, Deng X, Xiong F, Ge J, Xiang B, Wu X, Ma J, Zhou M, Li X, et
al. Role of the Tumor microenvironment in PD-L1/PD-1-mediated Tumor
immune Escape. Mol Cancer. 2019;18:10.

Sun SY. Searching for the real function of mTOR signaling in the regulation of
PD-L1 expression. Transl Oncol. 2020;13:100847.

Lastwika KJ, Wilson W 3rd, Li QK, Norris J, Xu H, Ghazarian SR, Kitagawa H,
Kawabata S, Taube JM, Yao S, et al. Control of PD-L1 expression by oncogenic
activation of the AKT-mTOR pathway in Non-small Cell Lung Cancer. Cancer
Res. 2016;76:227-38.

Zheng A, Li F, Chen F, Zuo J, Wang L, Wang Y, Chen S, Xiao B, Tao Z. PD-L1
promotes head and neck squamous cell carcinoma cell growth through
mTOR signaling. Oncol Rep. 2019;41:2833-43.

Wang F, Yang L, Xiao M, Zhang Z, Shen J, Anuchapreeda S, Tima S, Chiam-
panichayakul S, Xiao Z. PD-L1 regulates cell proliferation and apoptosis in
acute Myeloid Leukemia by activating PI3K-AKT signaling pathway. Sci Rep.
2022;12:11444.

Zhu CL, Xie J, Zhao ZZ, Li P, Liu Q Guo Y, Meng Y, Wan XJ, Bian JJ, Deng XM,
Wang JF. PD-L1 maintains neutrophil extracellular traps release by inhibiting
neutrophil autophagy in endotoxin-induced lung injury. Front Immunol.
2022;13:949217.

Zhang J, Liu C, Zhao G, Li M, Ma D, Meng Q, Tang W, Huang Q, Shi P, Li Y, et
al. PM2.5 Synergizes with Pseudomonas aeruginosa to suppress alveolar
macrophage function in mice through the mTOR pathway. Front Pharmacol.
2022;13:924242.

Zhao C, PuW, Niu M, Wazir J, Song S, Wei L, Li L, Su Z, Wang H. Respiratory
exposure to PM2.5 soluble extract induced chronic lung injury by disturb-
ing the phagocytosis function of macrophage. Environ Sci Pollut Res Int.
2022;29:13983-97.

Chen YW, Huang MZ, Chen CL, Kuo CY, Yang CY, Chiang-Ni C, Chen YM, Hsieh
CM, Wu HY, Kuo ML, et al. PM(2.5) impairs macrophage functions to exacer-
bate pneumococcus-induced pulmonary pathogenesis. Part Fibre Toxicol.
2020;17:37.

Gordon SR, Maute RL, Dulken BW, Hutter G, George BM, McCracken MN,
Gupta R, Tsai JM, Sinha R, Corey D, et al. PD-1 expression by tumour-asso-
ciated macrophages inhibits phagocytosis and tumour immunity. Nature.
2017;545:495-9.

Wang J, Liu X, Wang H, Li Y, Lan N, Yuan X, Wu M, Liu Z, Li G. Allergen specific
immunotherapy enhanced defense against bacteria via TGF-betal-induced
CYP27B1 in Asthma. Oncotarget. 2017,8:68681-95.

Wang J, Zhang L, Luo L, He P, Xiong A, Jiang M, Liu Y, Liu S, Ran Q Wu D, et al.
Characterizing cellular heterogeneity in fibrotic hypersensitivity pneumonitis
by single-cell transcriptional analysis. Cell Death Discov. 2022;8:38.



Luo et al. Respiratory Research (2024) 25:90

44,

45.

46.

Cui G, Zhang Y, Xu X, Liu Y, Li Z, Wu M, Liu J, Gan J, Liang H. PmiR senses
2-methylisocitrate levels to regulate bacterial virulence in Pseudomonas
aeruginosa. Sci Adv. 2022;8:eadd4220.

Ainsworth AJ, Chen DX. Differences in the phagocytosis of four bacteria by
channel catfish neutrophils. Dev Comp Immunol. 1990;14:201-9.

He X, Zhang L, Hu L, Liu S, Xiong A, Wang J, Xiong Y, Li G. PM2.5 aggravated
OVA-Induced epithelial tight Junction disruption through Fas Associated via
Death Domain-Dependent apoptosis in Asthmatic mice. J Asthma Allergy.
2021;14:1411-23.

Page 16 of 16

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Fine particulate matter 2.5 induces susceptibility to ﻿Pseudomonas aeruginosa﻿ infection via expansion of PD-L1﻿high﻿ neutrophils in mice
	﻿Abstract
	﻿Introduction
	﻿Results
	﻿PM2.5 exposure promotes neutrophil infiltration in mouse lung
	﻿PM2.5 exposure promotes expansion of PD-L1﻿high﻿ neutrophils
	﻿PM2.5 exposure impaired the phagocytic function of neutrophils in a PD-L1–dependent manner
	﻿PM2.5-exposed mice are susceptible to ﻿P. aeruginosa﻿
	﻿Blocking of PD-L1 reduces susceptibility to ﻿P. aeruginosa﻿ induced by PM2.5 exposure

	﻿Discussion
	﻿Methods
	﻿Reagents
	﻿PM2.5-exposed murine model
	﻿Histology
	﻿Single-cell RNA sequencing
	﻿Flow cytometry
	﻿Bacteria preparation
	﻿Bone marrow neutrophil isolation
	﻿Bacterial phagocytosis assay
	﻿Neutral red phagocytosis assay
	﻿PM2.5-exposed PA infection model
	﻿Bacterial loading assay
	﻿Quantitative PCR analysis of RNA expression
	﻿Apoptosis analysis
	﻿Statistical analysis

	﻿References


