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Abstract
Background: Lung ischemia-reperfusion injury (LIRI) is a common and complex pathophysiological
process. Activation of alveolar macrophages (AMs) is involved in the in�ammatory response and tissue
damage during LIRI. Programmed cell death factor-1 (PD-1) plays an important role in
immunomodulatory participants in diseases progression by regulating apoptosis and polarization of
macrophages. In this study, we investigated the function of PD-1 on macrophage polarization during
pulmonary ischemia-reperfusion.

Methods: We conducted experiments both in a rat model of lung ischemia/reperfusion injury and in
NR8383 cells (a rat alveolar macrophage line) model of oxygen-glucose deprivation-reoxygenation
(OGD/R). The extent of lung injury was measured by pathohistological lung tissue damage, wet/dry
ratios of pulmonary tissue, levels of in�ammatory factors. Western blot was used to detect the relative
expression of PD-1, SHP1, SHP2, p-Akt, and Akt. Expression of surface markers on macrophages was
measured by immunohistochemistry, �ow cytometry, and immuno�uorescence staining.

Results: The results showed that the expression of PD-1 increased in both in vivo and in vitro models,
which promoted the polarization of M1 macrophages, resulting in the aggravation of the pulmonary
ischemia-reperfusion injury. These effects were at least partially attributable to PD-1 inhibiting the
PI3K/Akt pathway by regulating SHP1/2.

Conclusion: PD-1 may exacerbate LIRI by promoting macrophage polarization, and inhibition of PD-1
may be an important role and therapeutic target of acute lung injury.

1. Introduction
Lung ischemia-reperfusion injury (LIRI) is a complex pathophysiological process, which often occurs in
lung diseases and surgery, especially after lung transplantation. Severe ischemia-reperfusion injury can
cause systemic hypoxemia and multiple organ failure, which is also one of the main causes of
postoperative lung failure and death[1, 2]. As the number of lung transplants increases, �nding relevant
therapeutic targets and preventive measures becomes more important.

The mechanism involved in LIRI is very complex, in which the main pathophysiological changes are
aseptic in�ammatory reactions triggered by lung ischemia-reperfusion, leading to tissue injury[3, 4]. More
and more studies have shown that alveolar macrophages (AMs) are the key mediators of acute
pulmonary in�ammation[5, 6]. Alveolar macrophages and pattern recognition receptors (Toll-like receptor-
4) play a key role in the early in�ammatory response of LIRI[7]. Alveolar macrophages have high plasticity
and express different phenotypes in response to various stimuli, such as from pro-in�ammatory M1 to
anti-in�ammatory M2[6]. M1-type macrophages express CD11c, CD16, CD86, and pro-in�ammatory
cytokines, including TNF-α, IL-1β, IL-6, and INOS. M2-type macrophages are characterized by elevated
expression of Arginase-1 (Arg-1), Dectin-1, CD206, and anti-in�ammatory cytokines, including IL-4 and IL-
10[8–10]. M1-type macrophages play a central role in protecting hosts from infection, but they also
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contribute to the onset of in�ammation. In contrast, M2-type macrophages are bene�cial for anti-
in�ammatory and tissue repair. The regulation of macrophage phenotypes is essential for immune and
homeostasis[11]. For instance, alveolar macrophage phenotypes are closely related to in�ammatory
responses associated with lung injury[12, 13].

Programmed cell death factor-1 (PD-1) is an immunoglobulin (Ig) superfamily member that is selectively
expressed on activated T-cells, B-cells, natural killer (NK) cells, dendritic cells (DCs), and macrophages[14,
15]. The cytoplasmic tail of PD-1 contains an immunoreceptor tyrosine-based inhibitory motif (ITIM) and
immunoreceptor tyrosine-switch motif (ITSM), and Src homology region 2 domain-containing
phosphatase-1 (SHP-1) and Src homology region 2 domain-containing phosphatase-2 (SHP-2) are
recruited to the ITSM domain[16]. Subsequently, PD-1-mediated function of inhibition is activated[14, 17,
18]. It is found that the expression of PD-1 and PD-L1 (one ligand of PD-1) in cardiomyocytes
signi�cantly increased in an isolated heart ischemia-reperfusion model, aggravating the damage of
cardiomyocytes[19]. Besides, PD-1 plays an important role in immune regulation and participates in
disease progression by regulating macrophage apoptosis and polarization[20, 21]. For example, PD-1
inactivates the PI3K/Akt signaling pathway and promotes macrophages apoptosis by recruiting SHP-2 to
the cytoplasmic tail[22].

PI3K/Akt signaling pathway protects organs from ischemia and reperfusion injury[23, 24]. Activation of
PI3K/Akt signaling pathway contributes to the polarization of macrophages into M2 type[25]. Therefore,
we hypothesize that PD-1 may be involved in the polarization of alveolar macrophages during pulmonary
ischemia and reperfusion, and promote the polarization of macrophages to M1 type by inhibiting
PI3K/Akt pathway through the PD1-SHP1/2 axis, eventually leading to the cascade of ampli�ed
in�ammatory response and lung tissue damage. In the study, we investigated the role of PD-1 on the
polarization of alveolar macrophages in LIRI both in vivo and in vitro models.

2. Materials And Methods

2.1. Animals
Adult male Sprague-Dawley (SD) rats (220–250 g) were purchased from the Animal Center of Guangxi
Medical University (Nanning, China). Rats were kept in conditions free of speci�c pathogens and had free
access to sterilized water and food. The study was conducted in strict accordance with animal
experiment protocols approved by the Institutional Animal Care and Use Committee of Guangxi Medical
University (Nanning, China). All animal protocols complied with the Animal Guide of the Institutional
Animal Care and Use Committee of Guangxi Medical University.

2.2. Animals model of LIRI
BMS202 (PD-1 inhibitor), SC79 (Akt activator), and NSC87877 (SHP1/2 inhibitor) were used in this study.
The rats in the control group breathed autonomously and were killed after cervical dislocation without
treatment, while rats in I/R models were established as in our previous study[3]. Tracheal intubation was
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performed after anesthesia in rats. During mechanical ventilation, the ALC-V9A small animal ventilator
provided a 1:1 inspiratory: expiratory ratio and a respiration rate of 60 breaths per minute. The tidal
volume was 4–6 ml/kg, and the inhaled oxygen content was 100%. Rats in the BMS202 + I/R group were
given BMS202 (5 mg/kg) by gavage 60 minutes before the start of surgery[26]. Rats in the NSC87877 + 
I/R group were given NSC87877 (10 mg/kg) by gavage 60 minutes before the start of surgery[27]. Rats in
the SC79 + I/R group were given SC79 (40 mg/kg) by intraperitoneal injection 60 minutes before the start
of surgery[28]. Rats in the I/R group received thoracotomy, then the left hilus pulmonis was clamped with
avascular forceps for 1 h, and the chest was closed and the skin was sutured two hours after reperfusion.
Finally, rats were sacri�ced by bloodletting through the carotid artery. Left lung tissues were collected and
stored in liquid nitrogen for subsequent testing.

2.3. AMs model of OGD/R
NR8383 cells (a rat alveolar macrophage cell line) were purchased from ScienCell Research Laboratories
(San Diego, CA, USA). The cells were routinely cultured in Ham's F-12K (Kaighn's) medium, containing
15% fetal bovine serum (FBS), at 37°C in 95% air and 5% CO2. To mimic the hypoxic-ischemic conditions
of the LIRI in vitro experiment, we subjected NR8383 cells to OGD/R as described[29]. Brie�y, NR8383
cells were washed three times with pre-warmed (37°C) glucose-free balanced salt solution (PBS), fed
serum-free and glucose-free Ham's F-12K medium, and then cultured for 1 h at 37°C in a Whitley H35
Hypoxystation (Don Whitley Scienti�c, West Yorkshire, UK) in a hypoxic atmosphere of 1% O2, 5% CO2,
and 94% N2. Then, cells were recovered oxygen for 2 h at 37°C in the glucose-containing medium in an
atmosphere of 5% CO2 and 95% O2. The normoxic control cells were incubated at 37°C in a humidi�ed
atmosphere of 95% air/5% CO2. In some experimental groups, cells were respectively pretreated with
BMS202 (1 µM) for 30 minutes[30], SC79 (10 µM) for 60 minutes[31], and NSC87877 (10 µM) for 30
minutes[32] and cultured in Ham's F-12K medium under normoxic condition or in serum-free and glucose-
free Ham's F-12K medium under the hypoxic condition as mentioned above.

2.4. Reagents and Antibodies.
BMS202, SC79, and NSC87877 were purchased from Selleck Chemicals (Houston, TX, USA); TNF-α, IL-6,
and IL-1β enzyme-linked immunosorbent assay (ELISA) kits from Elabscience Biotechnology (Wuhan,
China); PD-1 ELISA kits from Meimian (Jiangsu, China); HIF-1α, SHP1, SHP2, p-Akt, Akt, and β-actin from
Cell Signaling Technology (Danvers, MA, USA); PD-1, CD11c, CD16, CD86, Anti-CD86/PE, CD206, Anti-
CD206/FITC, and Arg-1 antibodies from Bioss (Beijing, China); Dectin-1 from Abcam (Cambridge, UK);
�uorophore-labeled goat anti-rabbit secondary antibody (Alexa Fluor 594) and goat anti-rabbit
immunoglobulin horseradish peroxidase (IgG-HRP), BSA, and bicinchoninic acid assay (BCA) protein
detection kits from Beyotime (Shanghai, China); SP (mouse/rabbit IgG)-POD kit from Solarbio Life
Sciences (Beijing, China); FBS and Ham's F-12K (Kaighn's) medium from Gibco (Carlsbad, CA, USA).

2.5. Hematoxylin-eosin staining
Lung tissue specimens were �xed with 4% paraformaldehyde, embedded in para�n, cut into slices,
stained with hematoxylin and eosin (HE), and observed under a light microscope. Degree of lung tissue



Page 5/25

injury was scored as previously described[3], based on aggregation or in�ltration of in�ammatory cells in
vessel walls or air spaces [1 point = only wall, 2 = rare cells in air space, 3 = intermediate, and 4 = severe
(air space congested)], hyaline membrane formation and interstitial congestion in the lung [1 point = 
normal lung, 2 = moderate (> 25% of the lung section), 3 = intermediate (25–50% of the lung section), and
4 = severe (> 50% of the lung section)] and presence (1) or absence (0) of hemorrhage. The scores for
each criterion were summed to obtain the score for each sample.

2.6. Transmission electron microscopy (TEM)
Lung tissue samples were taken and cut into small pieces of about 1 mm, �xed in 3% glutaraldehyde for
more than 2 h, �xed with 1% osmic acid for 1–2 h, and dehydrated in different concentrations of acetone,
then �nally embedded in resin. The sample was cut into ultrathin sections by an ultramicrotome and
analyzed on a transmission electron microscope (Hitachi H-7560, Tokyo, Japan).

2.7. Determination of wet-to-dry ratios
The lung wet-to-dry (W/D) ratios were measured to assess the extent of pulmonary edema. Immediately
after collecting the sample, the wet weight of the left lung tissue was weighed, the tissue was incubated
at 60℃ for at least 96 h until constant weight, and W/D ratios were calculated.

2.8. Enzyme-linked immunosorbent assay (ELISA)
The concentrations of TNF-α, IL-1β, and IL-6 in lung tissues and cell culture supernatant were quanti�ed
using ELISA kits according to the manufacturer’s instructions. The concentration of PD-1 in rat serum
was measured using a PD-1 ELISA kit.

2.9. Western blot assay
Fresh lung tissue from a single rat was homogenized in a RIPA buffer containing a protease inhibitor
mixture and a phosphatase inhibitor mixture. Different groups of AMs were lysed in RIPA lysis buffer.
After quantifying the protein concentration with a BCA protein assay kit, each lysate sample was
separated on a 10–15% sodium dodecyl sulfate-polyacrylamide gel and transferred to a 0.22-µm
polyvinylidene �uoride (PVDF) membrane at low temperature. After the membrane was treated with 5%
bovine serum albumin (BSA) for 1 h, the membrane was incubated on a shaker at 4℃ overnight with
speci�c primary antibodies against PD-1 (1:500), HIF-1α (1:1000), SHP1 (1:1000), SHP2 (1:1000), p-Akt
(1:2000), Akt (1:2000), and β-actin. After washing, the membrane was incubated with horseradish
peroxidase (HRP)-conjugated anti-rabbit secondary anti-IgG for 1 h at room temperature. The membrane
was visualized using an enhanced chemiluminescent reagent and then imaged using a Bio-Rad imaging
system. The results obtained under different experimental conditions were normalized to the average
value of the corresponding control.

2.10. Immuno�uorescence staining
NR8383 cells were �xed with 4% paraformaldehyde at 4 ℃ for 1 h, washed with phosphate buffer (PBS)
3 times, permeated with 0.2% Triton X-100 for 25 min, and then sealed with 5% BSA for 20 min. The
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samples were incubated with CD86 (1:500) and CD206 (1:500) antibodies at 4°C for at least 12 h and
then washed with PBS 3 times (3 min each time). Then the cells were stained with �uorescence-labeled
secondary antibody Alexa Fluor 546, incubated at 25 ℃ in the dark for 50 min, and then washed with
PBS for 3 times (3 min each time). Finally, the nucleus was stained with 4-diimide-2-phenylindole (DAPI).
The staining of the cells was observed under the �uorescence microscope (Olympus BX51, Tokyo,
Japan).

2.11. Immunohistochemical staining
After para�n embedding, lung tissues were sliced and the sections were dewaxed with xylene,
dehydrated through graded ethanol, treated with hydrogen peroxide to inactivate endogenous
peroxidases, and subjected to antigen retrieval at pH 6.0 and high pressure. The sections were blocked
with 3% hydrogen peroxide for 10 min and then incubated overnight at 4℃ with primary antibodies
against the following polarization markers for M1: CD11c (1:250), CD16 (1:500), and CD86 (1:500). Other
sections were incubated with primary antibodies against the following polarization markers for M2: Arg-1
(1:250), Dectin-1 (1:500), and CD206 (1:250). The sections were exposed to biotin-labeling goat anti-
rabbit IgG as a secondary antibody from an SP (mouse/rabbit IgG)-POD kit following the manufacturer's
instructions. Expression of the macrophage surface markers was visualized by a light microscope and
quanti�ed from �ve randomly selected �elds of view using Image-Pro-Plus (Media Cybernetics, Silver
Spring, MD, USA). The staining reaction was scored using the immunoreactive score = staining intensity ×
percentage of positive cells[33]: a staining intensity value of 0 was negative; 1, weak; 2, moderate; and 3,
strong; a percentage of positive cells value of 0 was negative; 1, 10% positive cells; 2, 11–50% positive
cells; 3, 51–80% positive cells; and 4, more than 80% positive cells. Five visual �elds from different areas
of each section were used to calculate the average immunoreactive score.

2.12. Flow cytometry
The macrophages from the left lung tissue were extracted and made into single-cell suspension, stained
with CD86/PE and CD206/FITC �uorescent conjugated antibodies at 4˚C in the dark for 30 min, and then
the excess antibodies were washed out with PBS. The expression of CD86, CD206 in macrophages was
detected by FACSCalibur™ �ow cytometry (BD Biosciences, San Jose, CA, USA), and the data were
analyzed by Flow Jo software (Tree Star, San Carlos, CA, USA).

2.13. Statistical analysis
Experimental data were expressed as mean ± SD and analyzed using SPSS v22.0 (IBM, Armonk, NY, USA).
Data were plotted using GraphPad Prism v5.0 (GraphPad Software Inc., San Diego, CA, USA)
Comparisons among multiple groups were analyzed by one-way analysis of variance, followed by the
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Tukey test for intergroup comparisons. Differences associated with p < 0.05 were considered statistically
signi�cant.

3. Results

3.1. Up-regulation of PD-1 expression in rat lung tissue after
lung ischemia-reperfusion injury
To study the role of PD-1 in LIRI, we established a rat model of LIRI. The morphological changes in lung
tissues were evaluated by hematoxylin and eosin staining (Fig. 1a, c). The tissue structure of the control
group was normal, while the I/R group showed different degrees of tissue in�ammation, among which
the tissue structure destruction was the most obvious in the I/R 6-hour group (Alveolar interstitial edema,
full of in�ammatory cells and red blood cells, thickened pulmonary septum) and the least in the I/R 72-
hour group. Similarly, the results of TEM showed that the lung ultrastructure of the lung was damaged in
different degrees in the I/R group, and the most serious damage was in I/R 6-hour group (Fig. 1b). The
change of pulmonary blood-gas barrier permeability plays an important role in ischemia-reperfusion lung
injury[34]. We measured the wet/dry (W/D) ratios of lung tissue to evaluate the degree of pulmonary
edema and in�ammatory exudation (Fig. 1d). The wet-dry ratio of the I/R group was also the highest,
which was signi�cantly higher than that of the control group. The above results indicated that the rat
model of LIRI was successfully established.

Since PD-1 is a secreted protein, we studied the expression of PD-1 in rat serum and observed that PD-1
was highly expressed in I/R groups except for the I/R 72-hour group; the level peaked in the I/R 6-hour
group and then decreased (Fig. 1e). To detect the relative expression of PD-1 at the protein level, we
extracted the protein from rat lung tissue and performed Western blotting (Fig. 1f, g). We observed that
relative expression of PD-1 was higher in I/R groups than in the control group, peaking in I/R 6h group.
These results highlighted the correlation between PD-1 and LIRI that the in�ammatory injury after lung
ischemia-reperfusion is related to the up-regulation of PD-1 expression.

3.2. Inhibition of PD-1 mitigates lung ischemia-reperfusion
injury in vivo
To further study the role of PD-1 in LIRI, we used PD-1 inhibitor (BMS202) for a follow-up study. The
morphological changes of lung tissue were observed after HE staining (Fig. 2a). Compared with the
control group, the edema and exudation of lung tissue and the in�ltration of in�ammatory cells were
obvious in the IR group, while the symptoms were improved in the BMS202 + I/R group. Inhibition of PD-1
signi�cantly attenuated these changes (Fig. 2b). Similar results were obtained by transmission electron
microscopy (Fig. 2c). Compared with the control group, there was no signi�cant difference in the
ultrastructure of lung tissue in the BMS202 group, but the ultrastructure damage of lung tissue in the IR
group was severe. Inhibition of PD-1 also partially reversed these changes. The wet/dry (W/D) ratios of
lung tissue were measured to assess the extent of pulmonary edema and in�ammatory exudation (Fig.
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2d). Compared with the control group, the W/D ratios were signi�cantly increased in the I/R group and
decreased after treatment with BMS202. The levels of in�ammatory factors (TNF-α, IL-1β, and IL-6) in
lung tissues were used to evaluate the in�ammatory response. As depicted in Fig. 2e and Fig. 2g, the
levels of TNF- α, IL-1 β, and IL-6 in the IR group were signi�cantly higher than those in the control group,
and BMS202 could partially reverse these changes. Western blot results showed that BMS202 also down-
regulated the expression of PD-1 induced by I/R injury (Fig. 2h, i). There was no signi�cant difference
between the control group and the BMS202 group. In general, these results suggested that inhibition of
PD-1 could reduce the in�ammatory response and tissue damage induced by LIRI.

3.3. Inhibition of PD-1 reduces M1-type polarization induced
by lung ischemia-reperfusion injury in vivo
We selected CD11c, CD16, and CD86 as the surface markers of M1-type macrophage polarization, and
Arg-1, Dectin-1, and CD206 as the surface markers of M2-type macrophage polarization. Based on
immunohistochemical staining for these markers, we observed the polarization of macrophages in lung
tissues (Fig. 3a). There was no signi�cant difference in the expression of M1-type or M2-type
macrophages between the control and BMS202 groups. In the I/R group, the expression of macrophages
polarized to M1 increased, on the contrary, the expression of M2 macrophages polarized to M1
decreased. Pretreatment with BMS202 partially alleviated the polarization of M1-type macrophages after
I/R injury, while partially increasing the expression of M2 -type macrophages (Fig. 3b). The lung tissue
was prepared into a single cell suspension and analyzed by �ow cytometry, and CD86 and CD206 were
selected to label M1 and M2 type macrophages, respectively. As shown in Fig. 3c-d, we observed that
after using BMS202, the expression of type M1 alveolar macrophages decreased in the I/R group, while
the expression of type M2 alveolar macrophages was hardly affected. In conclusion, these results
suggested that PD-1 promotes the polarization of alveolar macrophages to M1 after LIR.

3.4. PD-1 prompts the polarization of M1-type
macrophages through SHP1/2-mediated PI3K/Akt
signaling in vivo
Activation of PI3K/Akt signaling pathway regulated macrophage polarization, as reported previously[25].
On the one hand, we observed that p-Akt expression was inhibited after LIRI, and this change was
effectively reversed by BMS202 (Fig. 4a, b). On the other hand, the polarization of M1-type macrophages
increased in the I/R group, which was partially reversed by pretreatment with SC79 (Fig. 4c, d). These
results indicated that PD-1 increased the polarization of M1-type macrophages by inactivating PI3K/Akt
pathway. Previous studies found that SHP1 and SHP2 were recruited to the cytoplasmic tail of PD-1 and
signi�cantly affected the function of PD-1 [14, 16, 18]. We observed that SHP1 and SHP2 were highly
expressed after ischemia-reperfusion, and then were reduced by pretreatment with BMS202 (Fig. 4e, f). In
addition, expression of p-Akt was decreased after we pretreated with NSC87877 (Fig. 4g, h). Overall, these
results showed that PD-1 prompts the polarization of M1-type macrophages through SHP1/2-mediated
PI3K/Akt signaling after pulmonary ischemia-reperfusion.
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3.5 Inhibition of PD-1 protects NR8383 cells from OGD/R
injury and mitigates polarization of M1-type macrophages
in vitro
To gain mechanistic insights into our results with the in vivo model, we turned to the NR8383 cells
experiment. Hypoxia-inducible factor-1alpha (HIF-1α) was considered to be the main transcription factor
in cells undergoing a hypoxia response[34]. OGD/R enhanced the expression of HIF-1α suggested that the
model of NR8383 cells was established successfully (Fig. 5a, b). Western blot results showed that there
was no difference in the relative expression of PD-1 between the BMS202 treatment group and the control
group (Fig. 5c, d). The relative expression of PD-1 was increased after OGD/R, which was decreased by
BMS202. The levels of TNF-α, IL-1β, and IL-6 in cell culture supernatants were used to evaluate the
in�ammatory response by ELISA (Fig. 5e-g). As found in vivo, cytokine levels in the culture medium were
signi�cantly higher in the OGD/R group than in the control group and were reduced with BMS202. CD86
and CD206 were used as surface markers for polarization of M1-type and M2-type macrophages,
respectively. We then observed that there were more M1-type macrophages in the OGD/R group than in
the control group (Fig. 5h, i) and BMS202 pretreatment partially reversed this change. There was no
signi�cant difference in the numbers of M1-type and M2-type macrophages between the control and
BMS202 groups (Fig. 5j, k). The results observed in the in vitro experiment were consistent with those
found in the in vivo experiment that the expression of PD-1 increased and promoted the expression of
M1-type macrophages increased after OGD/R.

3.6. Inhibition of PD-1 decreases polarization of M1-type
macrophages through SHP1/2-mediated PI3K/Akt
signaling in vitro
In vivo model results suggested that PD-1 down-regulates PI3K/Akt signaling pathway through SHP1/2
promote the polarization of M1-type macrophages. Therefore, we veri�ed this result in the in vitro model.
Firstly, the expression of p-Akt was reduced in NR8383 cells after OGD/R, which was partially reversed by
BMS202 (Fig. 6a, b). Besides, the levels of TNF-α, IL-1β, and IL-6 in the culture medium were also
increased after OGD/R, which were partially reversed with SC79 (Fig. 6c-e). We then labeled the M1-type
macrophages with CD86 for immuno�uorescence staining. Consistent with the results of in vivo
experiments, the number of M1-type macrophages was increased after OGD/R, which was partially
reversed by SC79 (Fig. 6f, g). More importantly, the expression of SHP1 and SHP2 proteins were
enhancive in the OGD/R group, which were decreased by BMS202 (Fig. 6h-j). In contrast, relative
expression of p-Akt was reduced in the OGD/R group, while it was increased by NSC87877 (Fig. 6k, l).
These results indicated that in vitro model, PD-1 also promotes the expression of M1-type macrophages
by promoting the expression of SHP1/2 and inhibiting the Akt signaling pathway, thus aggravating the
ischemia-reperfusion injury.
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4. Discussion
In this study, we con�rmed that PD-1 activates the polarization of AMs to M1 phenotype in both in vivo
and in vitro models, and induced local innate immune-driven in�ammation of LIRI. The mechanism of
this effect is that PD-1 inactivates the PI3K/Akt pathway by recruiting SHP1/2 protein, which promotes
the polarization of M1 macrophages, secretes a large number of pro-in�ammatory factors, and �nally
leads to explosive in�ammatory reaction and lung injury (Scheme 1).

Oxidative stress and in�ammation play a major role in the progression of LIRI[4, 35]. As an
immunoglobulin superfamily molecule, PD-1 transmits inhibitory signals to T cells and plays an
important role in immune and in�ammatory processes[16]. In the isolated heart model of myocardial
ischemia-reperfusion in SD rats, it was observed that PD-1 was highly expressed in cardiomyocytes, and
the up-regulation mechanism may be mediated by paracrine mechanism, resulting in in�ammatory
injury[19]. In the mouse model of acute lung injury induced by LPS, down-regulation of the PD-1/PD-L1
signal axis can inhibit the apoptosis of alveolar macrophages, reduce the release of in�ammatory
factors, and play an anti-in�ammatory and lung-protective role[36]. This study showed that the
expression of PD-1 increased signi�cantly after LIRI, and it was closely related to the degree of
in�ammatory injury. After the use of BMS202, the tissue and cell damage caused by LIRI was alleviated.
Then we further studied the regulatory mechanism of PD-1 on alveolar macrophages in the model of
pulmonary ischemia-reperfusion in�ammatory injury.

Macrophages are resident immune cells of the body and play an important role in an innate immune
response. Alveolar macrophages are speci�c subsets of macrophages in the lung, which can be activated
by injury-related molecular models during the progression of LIRI[3]. The key role of AMs in pulmonary
in�ammation is related to the phenotype of macrophages. In the early stage of in�ammation, AMs �rst
polarize to M1 (pro-in�ammatory phenotype) and secret pro-in�ammatory cytokines resulting in tissue
damage. on the contrary, in the remission stage of in�ammation, AMs mainly polarize to M2 (anti-
in�ammatory phenotype) and secret anti-in�ammatory mediators to promote tissue repair[11]. The
activation phenotype of alveolar macrophages maintains a dynamic balance between the in�ammatory
response of the injury and the protective defense response in the body. In a lipopolysaccharide-induced
acute lung injury model, the imbalance of the M1/M2 phenotype of alveolar macrophages leads to
in�ammation after shock/resuscitation[37]. Therefore, regulating the polarization phenotype of alveolar
macrophages to reduce in�ammation may be a feasible way to improve LIRI. In this study, we found that
PD-1 promoted the polarization of AMs to M1, which released a large number of in�ammatory mediators
leading to tissue ischemia-reperfusion injury. After inhibition of PD-1, polarized M1 macrophages
decreased, in�ammatory reaction and tissue injury were alleviated. This result further supports the role of
PD-1 in promoting macrophages polarization to M1.
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PI3K/Akt pathway is a survival signal pathway, which plays a key role in regulating macrophage
activation, polarization, and apoptosis[25]. SHIP as a negative regulator of PI3K/Akt signal, SHIP deletion
signi�cantly enhanced the M2 phenotype of peritoneal and alveolar macrophages and reduced the
production of in�ammatory cytokines[38]. PTEN is another negative regulator of the PI3K/Akt signal.
Enhanced PI3K/Akt signal was observed in PTEN knockdown mice, which promoted M2 macrophage
differentiation, negatively regulated in�ammatory response, and protected the liver from ischemia-
reperfusion injury in liver transplantation[39]. The PI3K/Akt pathway activated by IL-34 can not only
activate M2 Kupffer cells (KCs) but also switch the phenotype of KCs from M1 to M2, which plays a
protective role in rat liver transplantation[40]. Inhibition of the PD-1/PD-L1 signal pathway increases the
levels of Akt and mTOR, enhances the activity of alveolar macrophages, and thus improves the innate
immune response of mice to Mycobacterium tuberculosis[41]. In the process of IRI, we observed that the
activity of the PI3K/Akt pathway was inhibited, but the number of polarized M1 macrophages increased,
resulting in a signi�cant increase in the level of in�ammatory factors and aggravated tissue damage. On
the contrary, after SC79 activated PI3K/Akt pathway, the number of polarized M1 macrophages
decreased and in�ammation alleviated. In addition, after blocking PD-1, the activity of the PI3K/Akt
pathway could be partially restored. These results con�rmed that macrophage polarization is regulated
by PI3K/Akt signal pathway, and PD-1 may be a negative regulator of the PI3K/Akt pathway, which
promotes macrophage transformation to M1 by reducing the activity of the PI3K/Akt pathway.

The binding of SHP1 and SHP2 to the ITSM domain of PD-1 activates the PD-1 inhibitory pathway, which
inhibits the physiological function of T cells[17]. However, it is not clear whether the inhibitory effect of
PD-1 is related to the simultaneous recruitment of SHP1 and SHP2. At present, researchers mainly focus
on the relationship between PD-1 and SHP2. In the LPS-stimulated RAW264.7 cell model, PD-1 binds to its
ligand B7-H1 (PD-L1), inhibits Janus N-terminal-linked kinase, and PI3K/Akt signaling pathways by
recruiting SHP2, and negatively regulates IL-12 synthesis in macrophages[42]. In macrophages treated
with H2O2, there was a strong correlation between SHP2 and PD-1, and this connection would lead to the
inactivation of Akt[22]. Most notably, our results showed that the expression of SHP1 and SHP2
increased with the upregulation of PD-1 after ischemia-reperfusion, and BMS202 could partially reverse
these changes. This result was consistent with other studies that the inhibitory effect of PD-1 is achieved
at least in part by recruiting SHP1 and SHP2[14, 18]. SHP2-de�cient macrophages were stimulated by IL-
4-mediated JAK1/STAT6 signaling pathway to increase the polarization of M2 phenotype, which plays a
protective role in schistosomiasis induced by Schistosoma japonicum eggs, but aggravates m2-related
pulmonary �brosis[43]. In the process of untyped Haemophilus in�uenzae pulmonary infection, after
selectively knocking down the SHP2 of mice, macrophages also showed a tendency of (M2) polarization,
thus alleviating the in�ammatory response[44]. In the study, we observed that the use of NSC87877
improved the inactivation of the PI3K/Akt pathway induced by IR. Our results and previous studies
indicated that PD-1 transmits negative regulatory signals by recruiting SHP1 and SHP2 proteins, thereby
inhibiting PI3K/Akt signaling pathway and affecting the activation of macrophages.

5. Conclusion



Page 12/25

These results provide evidence that PD-1 aggravates LIRI by inducing polarization of AMs to M1-type
macrophages. The effect of PD-1 on macrophage polarization appears to be through the recruitment of
SHP1/2 to inactivate the PI3K/Akt pathway, increase in�ammatory cytokine levels, and aggravate the
in�ammatory response and lung injury. Importantly, this study shows that PD-1 aggravates pulmonary
ischemia-reperfusion injury, and inhibition of PD-1 function may be an immunotherapy target for
alleviating ischemia-reperfusion-mediated lung transplant rejection and related complications.
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PD-1 is involved in lung ischemia-reperfusion injury. Morphological changes in control, I/R 2h, I/R 6h, I/R
24h, and I/R 72h groups, as observed after hematoxylin and eosin staining. The single arrow indicates
pulmonary interstitial in�ammatory cell and erythrocyte in�ltration, and the double arrows indicate
alveolar septal thickening. Magni�cation, 200×. b Ultrastructural changes were assessed using
transmission electron microscopy. The single arrow represents the lamellar body  and the double arrows
represent the microvilli. Scale bar, 2μm. c Lung injury score. d Wet/dry ratios in lung tissues  e
Concentrations of PD-1 in rat serum by ELISA. f Representative western blot images of PD-1 in protein g
PD-1 abundance in protein. (n = 6 per group, *p < 0.05 vs control group)
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Figure 2

Inhibition of PD-1 mitigates lung ischemia-reperfusion injury in vivo. a Morphological changes in control,
BMS202, I/R, and BMS202 + I/R groups, as observed by hematoxylin and eosin staining. The single arrow
indicates pulmonary interstitial in�ammatory cell and erythrocyte in�ltration, and the double arrows
indicate alveolar septal thickening. Magni�cation, 200×. b Lung injury score. c Ultrastructural changes
were assessed using transmission electron microscopy. The single arrow represents the lamellar body
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and the double arrows represent the microvilli. Scale bar, 2μm. d Wet/dry ratios in lung tissues. e-g
Quanti�cation of TNF-α  IL-1β, and IL-6 abundance in lung tissues by ELISA. h Representative western
blot images of PD-1 in protein. i PD-1 abundance in protein. (n = 6 per group, mean ± SD. *p <0.05,
compared with control. #p <0.05, compared between I/R and BMS202 + I/R group)

Figure 3

Inhibition of PD-1 reduces M1-type polarization after lung I/R in vivo. an Immunohistochemistry of
polarization markers on the surface of alveolar macrophages (M1-type: CD11c, CD16, CD86; M2-type:
Arg-1, Dectin-1, CD206) in lung tissues after treatment with BMS202. Scale bar: 400μm. b Quanti�cation
of polarization markers on the surface of alveolar macrophages. c Results of �ow cytometry assessing
macrophage surface polarization marker in lung tissues after using BMS202. d Analysis for expression of
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CD86-labeled M1-type macrophages (n = 6 per group, mean ± SD. *p < 0.05, compared with control. #p <
0.05, compared between I/R and BMS202 + I/R group).

Figure 4

Inhibition of PD-1 reduces the polarization of M1-type macrophages through the SHP1/2-mediated
PI3K/Akt signaling pathway in vivo. a, b Representative western blot images and abundance of p-Akt and
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Akt in protein. c Analysis for expression of CD86-labeled M1-type macrophages. d Results of �ow
cytometry assessing macrophage surface polarization marker in lung tissues. e, f Representative western
blot images, and abundance of SHP1 and SHP2 in protein. g, h Representative western blot images, and
abundance of p-Akt and Akt in protein. (n = 6 per group, mean ± SD. *p < 0.05, compared with control. #p <
0.05, compared between I/R and BMS202 + I/R group. ap < 0.05, compared between I/R and SC79 + I/R
group. bp < 0.05 compared between I/R and NSC87877 + I/R group)
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Figure 5

Inhibition of PD-1 protects NR8383 cells from oxygen/glucose deprivation and reoxygenation injury. a
Representative western blot images of HIF-1α in protein. b HIF-1α abundance in protein. c Representative
western blot images of PD-1 in protein. d PD-1 abundance in protein. e-g Quanti�cation of TNF-α  IL-1β,
and IL-6 abundance in NR8383 cell culture supernatants by ELISA. h, i Representative
immuno�uorescence micrographs showing CD86+ cells and quantitative analysis for expression of
CD86+ cells. j, k Representative immuno�uorescence micrographs showing CD206+ cells and quantitative
analysis for CD206+ cells. Plasma membranes were stained red and nuclei were stained blue (DAPI).
Scale bar, 10μm. (n = 6 per group, mean ± SD. *p <0.05, compared with control. #p <0.05, compared
between OGD/R and BMS202 + OGD/R group)
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Figure 6

Inhibition of PD-1 decreases polarization of M1-type macrophages through the SHP1/2-mediated
PI3K/Akt signaling pathway in vitro. a, b Representative western blot images and abundance of p-Akt and
Akt in protein. c-e Quanti�cation of TNF-α  IL-1β, and IL-6 abundance in NR8383 cell culture supernatants
based on ELISA. f, g Representative immuno�uorescence micrographs showing CD86+ macrophages.
Plasma membranes were stained red and nuclei were stained blue (DAPI). Scale bar, 10μm. h-j
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Representative western blot images and abundance of SHP1 and SHP2 in protein. k, l Representative
western blot images, and abundance of p-Akt and Akt in protein. (n = 6 per group, mean ± SD. *p < 0.05,
compared with control. #p < 0.05, compared between I/R and BMS202 + OGD/R group. ap < 0.05,
compared between OGD/R and SC79 + OGD/R group. bp < 0.05, compared between OGD/R and
NSC87877 + OGD/R group).


