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Abstract
Background: Neuroin�ammation-induced secondary injury is responsible for the sustained progression of
spinal cord injury (SCI). In�ammatory programmed cell death or pyroptosis triggered by the pore-forming
protein gasdermin D (GSDMD) is an essential step in neuroin�ammation. The aim of this study was to
determine the role of the immunosuppressive receptor CD73 in GSDMD-mediated pyroptosis following
SCI.

Methods: CD73 de�cient mice and LPS-stimulated BV2 cells were respectively used as the in vivo and in
vitro models of microglial pyroptosis. Molecular and histological assays were performed to assess
pyroptosis and in�ammasome activation, and to explore the underlying mechanisms.

Results: CD73 inhibited the NLRP3 in�ammasome and GSDMD, and decreased pyroptosis in the
microglia via the adenosine-A2B adenosine receptor (AR)-PI3K-AKT-FOXO1 pathway. Speci�cally, CD73
suppressed GSDMD at the transcriptional level through FOXO1. Furthermore, HIF-1α accumulation after
SCI upregulated CD73, which in turn increased the expression of HIF-1α, resulting in a positive feedback
regulatory loop.

Conclusion: CD73 alleviates microglial pyroptosis after SCI by inhibiting GSDMD via the adenosine-
A2BAR-PI3K-AKT-FOXO1 pathway. 

Background
Spinal cord injury (SCI) is a debilitating condition that affects millions of people worldwide, and leads to
severe motor defects in the regions below the injured segment [1]. Around 240,000-337,000 people are
a�icted with SCI in the United States alone, and this number is estimated to grow by 17,000 annually [1].
Nearly 52% of these patients are paraplegic and 47% are quadriplegic [2]. The pathogenesis of SCI is
complex and can be divided into two phases [3] – a transient initial traumatic phase, and a long-lasting
secondary phase characterized by secretion of cytokines and chemokines at the lesion site and
neurological damage [4]. Studies show that neuroin�ammation plays a key role in the secondary phase
of SCI [5],[6],[7].

Traumatic injury to the central nervous system (CNS) disrupts the blood spinal barrier, which triggers
in�ltration of immune cells and factors that cause axonal destruction, neuronal loss and demyelination.
Studies have implicated cytoplasmic in�ammasome complex in post-CNS trauma neuroin�ammation [8],

[9]. In�ammasomes are cytosolic multiprotein scaffolds assembled by speci�c pattern recognition
receptors (PRRs), sensors of pathogen-associated molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs), and triggers the pro-in�ammatory caspases [10]. Several in�ammasome-
associated sensors have been identi�ed, including NLRP1, NLRP3, AIM2 and pyrin [11]. In�ammasomes
formed by the assembly of these sensors, the scaffolding protein ASC and pro-in�ammatory caspases
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(caspase-1 and -4/5 in humans and caspase-1 and -11 in mice) autoactivate caspases and lead to the
cleavage of proteolytic gasdermin D (GSDMD), resulting in pyroptosis [10].

Pyroptosis is an in�ammatory form of programmed cell death wherein the activated cytosolic GSDMD
[12] translocates to the plasma membrane, binds to the inner membrane lipids and oligomerizes to form
membrane pores, resulting in local cell swelling, membrane rupture and extravasation of cytoplasmic
DAMPs [13],[14],[15]. The latter recruit immune cells and aggravate the in�ammatory cascade [16].
Microglia, the resident macrophages of the CNS, are the primary cellular mediators of innate immune
responses [17] and pyroptosis [10],[18] following any injury. Pyroptosis mediated by microglia has in fact
been implicated in the pathogenesis of multiple CNS diseases, including SCI and traumatic brain injury
[19],[20], although the underlying mechanisms are unknown.

CD73, also known as ecto-5’-nucleotidase (NT5E), is an AMP hydrolase that breaks down extracellular
ATP to adenosine [21]. It is a key regulator in various pathophysiological processes, and prevents
excessive immune responses by maintaining the balance between pro-in�ammatory ATP and
immunosuppressive adenosine [22],[23]. Furthermore, CD73 exerts an anti-neuroin�ammatory role in SCI
by inhibiting macrophages/microglia polarization via the adenosine-p38 cascade [24]. Therefore, we
hypothesized that CD73 attenuates in�ammasome activation, inhibits microglial pyroptosis, and reduces
neuroin�ammation after SCI. To this end, we analyzed the levels of CD73 and GSDMD in the blood
samples of SCI patients, and performed in vitro and in vivo functional assays to determine its role in
microglial pyroptosis.

Methods
Donor recruitment and blood samples

Peripheral blood was collected from 20 SCI patients that presented at the Huashan Hospital, Fudan
University from January 2019 to June 2019, and from 20 age- and sex-matched controls. The inclusion
criteria for the patients were: (1) clear history of trauma and absence of any neurological abnormalities
prior to SCI, (2) existing neurological abnormalities such as limb sensation, motor abnormality, and
dysfunction of the bowel and bladder, and (3) MRI examination indicating spinal cord compression and
altered neurotransmission. Patients undergoing methylprednisolone treatment, and those with a history
of brain disease and spinal surgery were excluded. The severity of SCI was evaluated using the cervical
dysfunction index (NDI) and American spinal injury association (ASIA) classi�cation.

Quantitative real-time PCR (RT-PCR)

RNA was extracted from whole blood using GeneJET Stabilized and Fresh Whole Blood RNA Kit
(ThermoFisher, CA, USA), and from the cells using TRIzol reagent (Invitrogen, San Diego, CA, USA)
according to the manufacturers’ instructions. RT-PCR was performed in the �nal reaction volume of 10μl
using SYBR Green PCR Master Mix (ThermoFisher, CA, USA). GAPDH was used as the housekeeping gene
and relative expression levels of the target mRNAs were calculated using the comparative ΔΔCT method.
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Establishment of SCI model and treatment regimen

C57BL/6 CD73 knock out (KO) male mice were a gift from Prof. Thompson, Oklahoma Medical Research
Foundation, Oklahoma City, USA. The wild-type (WT) male C57BL/6 mice were supplied by Shanghai
SLAC Laboratory Animal Co., Ltd. (Shanghai, China). The mice used in this study are 8 weeks old. All
animal experiments were approved by the Institutional Animal Care and Use Committee of Fudan
University. As described in our previous study [24], the mice were anesthetized with intraperitoneal
injection of pentobarbital (35mg/kg). The T8-T9 vertebrae were exposed by laminectomy using a pair of
�ne rongeurs, and the dura mater was protected. Spinal crush injury was in�icted at the T8–T9 segment
by lateral compression using Dumont-type forceps at the depth of 0.2 mm for 20s. The mice were
intramuscularly injected with 20,000 units of penicillin after the operation, and then intraperitoneally with
SC79 (40mg/kg in DMSO) or BAY87-2243 (0.5mg/kg and 4mg/kg in DMSO) every day after SCI. The
control mice were injected with the same volume of DMSO at the same time points.

Locomotion recover assessment

The locomotive behavior after SCI was assessed by the Basso Mouse Scale (BMS) locomotor recovery
scale, which scores ankle movement, plantar placement, weight support, stepping, coordination, paw
position and trunk stability from 0 (no spontaneous movement) to 9 (normal coordinated gait with
parallel paw placement). The mice were examined on 1, 3, 7, 14, 21 and 28 days post-operation by an
investigator blinded to the grouping in an open �eld.

Cell cultures

BV2 cells were cultured in DMEM (Gibco, Carlsbad, CA, USA) supplemented with 10% FBS (Gibco,
Carlsbad, CA, USA), 50 g/ml streptomycin (Invitrogen, Carlsbad, CA, USA) and 50 U/ml penicillin in a
humidi�ed atmosphere of 95% air and 5% CO2. RNAi-CD73, pcDNA-CD73 and RNAi-HIF-1 were
constructed by Genechem Co. Ltd. (Shanghai, China), and transfected into BV2 cells using
Lipofectamine™ 2000 reagent (Invitrogen, Carlsbad CA, USA) according to the manufacturer’s
instructions. Different combinations of LPS (1μg/ml), adenosine (10μM), MRS1706 (0.3μM) and MK2206
(3μM) were added to the media 24h after transfection, and cells were harvested 8h later.

RNA sequencing and functional enrichment analysis

Total RNA was isolated from cultured cells using Trizol (Invitrogen Carlsbad CA, USA) according to the
manufacturer’s protocol, and their quality was assessed using the Agilent 2200 TapeStation (Agilent
Technologies, USA). The puri�ed RNAs with RIN score > 7 were reverse transcribed into cDNA, followed by
adaptor ligation and enrichment using NEBNext® Ultra™ RNA Library Prep Kit for Illumina (NEB, USA) as
per the manufacturer’s instructions. The puri�ed library constructs were evaluated using the Agilent 2200
TapeStation and Qubit®2.0 (Life Technologies, USA) and then diluted to 10pM for cluster generation in
situ on the pair-end �ow cell followed by HiSeq3000 sequencing (2×150 bp). The clean reads were
obtained after removing those containing adapters and ploy-N, as well as the low quality reads. HISAT2
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was used to align the clean short reads to the mouse reference genome mm10 with default parameters,
and converted into read counts for each gene model using HTSeq. The differentially expressed genes
(DEGs) were assessed by DEseq using read counts as the input and Benjamini–Hochberg multiple test
correction, with fold change > 2 and adjusted p-value < 0.05 as the cut-offs. The DEGs were displayed by
a heat map and subjected to KEGG enrichment analysis using p-value < 0.05 as the threshold.

Enzyme-linked immunosorbent assay

IL-1β, IL-6 and TNF-α levels in cell culture supernatants and mouse spinal cord homogenates were
measured using commercial ELISA kits from Sigma (Sigma-Aldrich, St. Louis, MO, USA) according to the
manufacturer’s instructions.

Cytotoxicity assay

The amount of lactate dehydrogenase (LDH) released by the suitably-treated cells was measured using
the LDH Cytotoxicity Assay Kit (Beyotime, Shanghai, China) following the manufacturer’s instructions.

Western blotting

Spinal cord tissues and BV2 cells were homogenized in radioimmunoprecipitation assay (RAPI) lysis
buffer, and protein concentration was determined using the BCA assay. Equal amounts of protein per
sample were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
transferred to nitrocellulose membranes. After blocking for 1h with 5% skimmed milk in TBST, the
membranes were incubated overnight with antibodies targeting NLRP3 (1:1000, Abcam, ab214185), PI3K
(1:1000, CST, 4228), AKT (1:1000, CST, 2920), p-AKT (1:1000, CST, 4070), Foxo1 (1:1000, CST, 14952), p-
Foxo1 (1:1000, CST, 9641), GSDMD (1:1000, Abcam, ab210070), ASC (1:1000, CST, 67824) and GAPDH
(1:2000, Abcam, ab8245) at 4°C. After washing with TBST, the membranes were incubated with HRP-
conjugated secondary antibody at room temperature for 1h, and the positive bands were detected using
an enhanced chemiluminescence (ECL) kit and quanti�ed by a gel imaging system (UVP LLC, Upland, CA,
USA).

Immunohistochemistry

On the third day after SCI, the mice were deeply anesthetized with 10% chloralic hydras (3.5 ml/kg, i.p.),
and sequentially perfused with 0.9% NaCl and 4% paraformaldehyde in 0.01M PBS. The spinal cord
segments near the lesion epicenter were resected, embedded in para�n, cut into 25µm-thick transverse
sections, and mounted on poly-L-lysine coated slides. The sections were depara�nized, incubated with
H2O2 and methanol for 10 min to block endogenous peroxidase, and blocked with serum for 30 min. The
sections were incubated sequentially with primary antibodies against CD73 (1:100, Abcam, ab175396),
GSDMD (1:100, Abcam, ab210070) and CASP-1 (1:100, Abcam, ab1872) for 1h, followed by HRP-
conjugated anti-rabbit secondary antibody for 30 min. Following color development with DAB for 10 min,



Page 6/26

the slides were observed under a Nikon ECLIPSE Ti microscope (Nikon, Japan). Semi-quanti�cation of
integrated optical density (IOD) and area was done with the help of Image Pro Plus 6.0.

Immuno�uorescence

Spinal cord tissue samples were harvested as described above, and the suitably-treated BV2 cells were
�xed with 4% paraformaldehyde in 0.1M PBS for 15 min. The samples were blocked for 1h with 1%
bovine serum albumin containing 0.3% Triton X-100, followed by overnight incubation with anti-GSDMD
(1:100, Abcam, ab210070) and anti-CASP-1 (1:100, Abcam, ab1872) primary antibodies at 4°C. After
incubating with Dylight (Dy)488- and Dy594-conjugated secondary antibodies (all 1:1000; Jackson
ImmunoResearch, West Grove, PA) for 2h at room temperature, the slides were observed under the Nikon
ECLIPSE Ti microscope (Nikon, Japan).

Promoter cloning and dual-luciferase reporter assay

The -2000/+200bp region of murine GSDMD promoter was cloned from C57BL/6J mouse genomic DNA
and inserted into the pGL3 basic vector (Promega, Madison, WI, USA). Truncated GSDMD promoter
sequences were generated with -1450/+200bp, -900/+200bp, -300/+200bp and +50/+200bp deletions.
Mutant GSDMD promoter sequences were further generated using the -300/+200bp construct. BV2 cells
were co-transfected with the luciferase reporter plasmids or pRL-TK reporter plasmid (control), and the
FOXO1 plasmid (pc-FOXO1). The cells were harvested 24h after transfection and luciferase activity was
measured using toolVeritas 9100-002 (Turner BioSystems, Sunnyvale, CA, USA), and normalized to
Renilla luciferase activity.

Chromatin immunoprecipitation assay

ChIP assay was performed using a ChIP assay kit (Abcam, Cambridge, UK) according to the
manufacturer’s protocol. Brie�y, the cells were incubated with primary antibodies against FOXO1 (1:500,
CST, 2880) or IgG (1:500, Abcam, ab172730), and the DNA–protein cross-linked complexes were
precipitated. The DNA was puri�ed and subjected to qPCR using SYBR Green PCR Master Mix
(ThermoFisher, CA, USA).

Statistical analysis

All data were expressed as mean ± standard deviation, and compared by Student’s unpaired t tests and
two-way analysis of variance (ANOVA) followed by Dunnett’s test. P < 0.05 was considered statistically
signi�cant. The associations between CD73/GSDMD expression and the clinicopathological
characteristics of the patients were analyzed using the Chi-squared test. All statistical analyses were
performed using SPSS 14.0 software.

Results
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NLRP3 and GSDMD are overexpressed in the peripheral blood of SCI patients and positive correlated with
disease severity

As shown in Fig. 1A-B, NLRP3/GSDMD mRNA levels were signi�cantly higher in the peripheral blood of
SCI patients compared to the healthy controls. The patients were accordingly classi�ed into the high- and
low-expression groups based on the average expression level. Patients overexpressing NLRP3/GSDMD
had a higher NDI index compared to the low-expression group (Table 1). Furthermore, a negative
correlation between CD73/GSDMD expression and NDI index (Fig. 1C-1D). Finally, ROC curves
demonstrated considerable diagnostic accuracy of NLRP3 and GSDMD for SCI (Fig. 1E). Taken together,
both factors play key roles in SCI, and correlate signi�cantly with disease severity.

CD73 de�ciency activates NLRP3 in�ammasome and promotes microglia pyroptosis in vivo

The in�ammasome-associated markers including IL-1β, IL-18, CASP-1 and GSDMD (Supplementary Fig.
1A), as well as sensors like NLRP3 and AIM2 (Supplementary Fig. 1B) were elevated in the damaged
spinal cords within 3 days of SCI induction. Compared to the WT mice however, the CD73 KO mice had
signi�cantly higher in situ levels of the above factors 3 days post injury (Fig. 2A-2B), which corresponded
to increased secretion of IL-1β, IL-6, TNF-α and LDH (Fig. 2C-2D). The protein expression patterns of
NLRP3, GSDMD, ASC and CASP-1 were consistent with that of their transcripts (Fig. 2E-2F, 2H).
Furthermore, CD73 de�ciency increased the levels of both full length GSDMD and the cleaved active N-
terminal GSDMD (GSDMD-N) (Fig. 2E-2F), which co-localized with the microglial marker CD68 (Fig. 2G).
Taken together, lack of CD73 exacerbates post-SCI pyroptosis in the microglia by activating the NLRP3
in�ammasome.

CD73 alleviates in�ammasome activation and microglia pyroptosis via the A2BAR/ PI3K/AKT/FOXO1
pathway

In a previous study, we found that CD73 blocked microglial polarization through the A2B adenosine
receptor (A2BAR). To determine whether A2BAR also mediates the anti-pyroptotic effect of CD73, we
generated BV2 cell lines with stable CD73 knockdown or overexpression, and treated them with
adenosine or the A2BAR antagonist MRS1706 following LPS stimulation. CD73 knockdown induced
pyroptosis genes including NLRP3, ASC, CASP-1 and GSDMD, and increased secretion of IL-1β, IL-6, TNF-
α and LDH, whereas CD73 upregulation had the opposite effects (Fig. 3A-3F). Interestingly, adenosine and
MRS1706 respectively abrogated the effects of CD73 knockdown and overexpression (Fig. 3A-3F). Taken
together, A2BAR is necessary for CD73-mediated inhibition of microglia pyroptosis.

Furthermore, mRNA sequencing of the LPS-stimulated WT and CD73hi BV2 cells revealed 1649 DEGs (Fig.
4A), of which 1081 were upregulated and 568 were downregulated. Furthermore, 55 DEGs were enriched
in the PI3K/AKT pathway (Fig. 4B). Consistent with this, PI3K was upregulated in the CD73-
overexpressing cells, which was accompanied by increased phosphorylation of AKT and FOXO1 (Fig.  4C-
4E). MRS1706 and the AKT antagonist MK2206 signi�cantly downregulated PI3K, p-AKT and p-FOXO1 in
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the CD73-overexpressing cells (Fig. 4C-4E), and concomitantly upregulated the in�ammasome genes and
increased secretion of pro-in�ammatory factors (Fig. 4F-4J). Consistent with this, CD73-KO mice injected
with the AKT activator SC79 following injury showed lower expression of GSDMD and CASP-1 at the
lesion site (Fig. 4K), and improved BBB scores compared to the DMSO-injected controls on the 28th day
after surgery (Fig. 4L). Taken together, CD73 inhibits microglial pyroptosis via the PI3K/AKT/FOXO1
pathway.

FOXO1 is a transcriptional activator of GSDMD

To further dissect the molecular mechanisms involved in GSDMD regulation, we screened for putative
POXO1 binding sites in its promoter region through the JASPAR database (http://jaspar.genereg.net), and
identi�ed 3 cis-acting elements. The exact regulatory sequence was determined using 5 reporters
constructs with progressively larger deletions from the 5′ end of the GSDMD promoter. Dual luciferase
assay showed increased promoter activity of the pGL3–2000/+ 200bp construct in BV2 cells, indicating a
FOXO1 binding site within this region (Fig. 5A), which was also con�rmed by ChIP assay (Fig. 5B).
Furthermore, a signi�cant decrease in promoter activity of pGL3+50/+200bp compared to
pGL3−300/+200 further narrowed the regulatory elements in the −300/+50 region (Fig. 5A). Further
mutations in this binding site blocked GSDMD transcription (Fig. 5C), which validated FOXO1 binding to
the promoter. Consistent with this, FOXO1 overexpression in BV2 cells upregulated GSDMD. Ectopic
expression of both FOXO1 and CD73 plasmid inhibited GSDMD mRNA, and reduced the secretion of IL-
1β, IL-6, TNF-α and LDH (Fig. 5D-5F). Taken together, FOXO1 regulates the expression of GSMDM at the
transcriptional level.

HIF-1α upregulates CD73 in the microglia

Consistent with previous studies, LPS-induced pyroptosis in BV2 cells signi�cantly increased the
expression of HIF-1α and CD73, and siRNA-mediated silencing of HIF-1α downregulated CD73 (Fig. 6A-C).
Furthermore, the spinal cord lesions in the injured mice also showed increased expression of both HIF-1α
and CD73, which was reversed by treating the mice with the HIF-1α inhibitor BAY87-2243 (Fig. 6D-G).
Since BAY87-2243 primarily targets HIF-1α activity, wee hypothesized that the decrease in HIF-1α mRNA
and protein levels (Fig. 6D-F) was a result of CD73 downregulation. Indeed, CD73-knockdown BV2 cells
and CD73-KO mice did not show an increase in HIF-1α even after LPS stimulation or SCI respectively (Fig.
7A-F). Merighi et al. reported an A2BAR-dependent stimulatory effect of adenosine on HIF-1α via p38
mitogen-activated protein kinases (MAPKs) phosphorylation [25]. Furthermore, we previously found that
CD73 regulates the polarization of macrophages/microglia through this pathway [24]. Consistent with
this, MRS1706 or the p38 inhibitor SB203580 neutralized CD73-driven increase in HIF-1α in BV2 cells (Fig.
7G-8I). Taken together, HIF-1α and CD73 synergistically promote microglial pyroptosis.

Discussion

http://jaspar.genereg.net/
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CNS trauma such as SCI and traumatic brain injury (TBI) show a biphasic progression, namely primary
and secondary injury, depending on the pathological characteristics [26]. Secondary injury is persistent
and diffuse, and is characterized by delayed glial and neuronal death, which expands the damaged site
and can lead to progressive neurodegeneration [27],[28]. Neuroin�ammation initiated by the innate
immune response is a key pathological factor in the secondary injury after CNS trauma, and is therefore a
promising therapeutic target [2][6]. An essential step in secondary CNS damage is pyroptosis due to
activation of the cytoplasmic in�ammasome complex [7]. We detected signi�cantly higher levels of the
in�ammasome and pyroptosis-related proteins NLRP3 and GSDMD in the blood of SCI patients, which
also correlated with disease severity. Consistent with our previous study, the 5’-ecto-nucleotidase CD73
attenuated neuroin�ammation and microglia pyroptosis in both in vitro and in vivo models of SCI. Our
�ndings provide novel insights into the patho-molecular basis of SCI, as well as new therapeutic
possibilities.

In�ammasome complexes consist of a cytosolic pattern-recognition receptor, a pro-in�ammatory
caspase and the adaptor protein ASC that facilitates the interaction between the �rst two proteins [11],

[29]. The NLRP3 complex is frequently involved in CNS trauma [30], and is overexpressed in the microglia,
neurons and astrocytes of rats with TBI [31]. Wu et al showed that pharmacological suppression of
NLRP3 attenuated neuroin�ammation and mitochondrial dysfunction in mice [19]. In addition, Adamczek
et al reported activation of AIM2 in the cortical neurons in response to TBI [32]. Consistent with this, we
found that both NLRP3 and AIM2 were overexpressed in the murine spinal cord tissues after compression
injury. To determine the role of CD73 in SCI, we compared the transcriptomic pro�les of WT and CD73-KO
mice, and detected overexpression of in�ammasome genes in the latter. We surmised therefore that CD73
also plays a crucial role in regulating NLRP3-driven pyroptosis after SCI.

Macrophages/microglia are the primary cellular mediators of the innate immune responses and
neuroin�ammation following CNS trauma [33],[34]. In addition, these cells are also the major sites of
pyroptosis in neuro-immunological diseases. This is likely due to the high surface expression of PRRs
that can recognize PAMPs and DAMPs, and initiate the pyroptosis cascade [10],[18]. Consistent with this,
we detected high levels of GSDMD in the microglia of spinal cord lesions in CD73-KO mice, indicating
that CD73 inhibits microglial pyroptosis post SCI.

CD73 is a glycosylphosphatidylinositol (GPI)-anchored cell surface protein with a central role in the
adenosinergic system, and is the rate-limiting enzyme in extracellular adenosine biogenesis [35].
Kulesskaya et al. found about 85–95% of murine AMP is hydrolyzed by CD73 [36]. Elevated extracellular
adenosine activates the P1 purinergic receptors (adenosine receptors) on target cells and stimulates
protective cellular responses [37],[38]. The P1 G-protein-coupled receptor family consists of the A1R, A2AR,
A2BR and A3R subtypes [39], which have different a�nities for adenosine. A1R, A2AR and A3R are the high-
a�nity receptors that can be activated by physiological adenosine levels, while A2BR can only be

activated under pathological/in�ammatory conditions [40],[41]. Hypoxia-mediated upregulation of A2BR
[42] plays a protective role in rat lung injury [43] and myocardial ischemia [44]. It also mediates the
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protective effects of CD73 in the mouse model of SCI [24]. Thus, the CD73/adenosine/A2BR cascade may
also be involved in microglial pyroptosis after SCI. Indeed, the effect of CD73 silencing or overexpression
in BV2 cells was respectively counteracted by adenosine and MRS1706.

KEGG pathway analysis of the DEGs between the LPS-stimulated control and CD73-overexpressing BV2
cells showed a signi�cant enrichment in the PI3K/AKT pathway. This pathway plays a central role in
multiple cellular functions such as cell proliferation and survival [45], and its activation is closely related
to the in�ammatory response. Yin et al. showed that the expression of pro-in�ammatory factors like
IL 12, TNF α and IL 6 was increased in human innate immune cells by PI3K or AKT inhibitors, while that
of the anti-in�ammatory factor IL 10 was decreased [46]. Another study showed that AKT activation
inhibited the in�ammatory responses during LPS-induced sepsis in mice and rabbits [47]. Therefore, the
PI3K/AKT pathway has an immunosuppressive function similar to that of CD73. Constitutive activation
of the PI3K/AKT pathway results in the phosphorylation and nuclear translocation of the transcription
factor FOXO1, which activates pro-in�ammatory genes [48]. Although FOXO1 inhibition alleviated
in�ammation in different cells [49],[50], no study so far has associated FOXO1 with CD73 or pyroptosis.
We found that not only did CD73 overexpression alleviate pyroptosis in macrophages/microglia via the
PI3K/AKT pathway, but the GSDMD promoter harbored a FOXO1 binding site as well. Based on the above
�ndings, the PI3K/AKT/Foxo1 pathway is essential for CD73-mediated inhibition of pyroptosis.

HIF-1 is a heterodimeric transcription factor composed of HIF-1α and HIF-1β subunits, and is a master
regulator of oxygen homeostasis [51]. Under anoxic conditions, the HIF-1α subunit accumulates and then
binds to HIF-1β, which activates the HIF-1-target genes regulating angiogenesis, glucose metabolism, cell
survival, invasion and metastasis [52]. SCI pathogenesis involves ischemia and hypoxia at the lesion site,
which upregulates HIF-1 and enhances the resilience of neuronal cells under hypoxia [53],[54]. Karhausen
et al. found that HIF-1α transcriptionally activated CD73 in colitis, which attenuated loss of barrier [55]. In
addition, Synnestvedt et al. identi�ed a HIF-1α binding site in the CD73 gene promoter, and inhibition of
HIF-1α by antisense oligonucleotides signi�cantly decreased hypoxia-inducible CD73 expression [56].
Consistent with this, CD73 and HIF-1α expression levels in the injured spinal cord were dependent on each
other. Furthermore, CD73 regulated HIF-1α via the adenosine-A2BAR-p38 pathway, which is consistent with
the �ndings of Merighi et al [25]. Therefore, we hypothesize a positive feedback regulatory loop between
CD73 and HIF-1α after SCI, which regulated macrophages/microglia pyroptosis and inhibits
neuroin�ammation.

A limitation can’t be neglected in this study is the alternative of BV2 cell line as primary microglia. BV2
cells were derived from raf/myc-immortalised murine neonatal microglia and are the most frequently
used substitute for primary microglia. Although there exits research con�rmed BV2 cells appear to be a
valid substitute for primary microglia in many experimental settings including complex cell-cell
interaction studies [57], however, doubts have been raised that this cell line does not always model the
reaction of primary microglia[58][59]. Therefore, although the present study is helpful in understanding
the mechanism of microglial pyroptosis, further experimental veri�cation is still needed.
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Conclusion
CD73 may attenuate post-SCI pyroptosis by inhibiting GSDMD via the adenosine- A2BAR-PI3K-AKT-FOXO1
pathway. A positive feedback loop between CD73 and HIF-1α is another potential mechanism that
reduces neuroin�ammation after SCI (Fig. 8). Thus, CD73 may be a novel therapeutic target for SCI.

Abbreviations
GSDMD: gasdermin D, SCI: Spinal cord injury, CNS: central nervous system, PRRs: pattern recognition
receptors, PAMPs: pathogen-associated molecular patterns, DAMPs: damage-associated molecular
patterns, DEGs: differentially expressed genes, NDI: cervical dysfunction index, ASIA: American spinal
injury association.
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Table 1. Clinical characteristics of patient samples and expression of NLRP3 and GSDMD.

  Total NLRP3 p value GSDMD p value
High Low High Low

Patients(n) 20 9 11 - 10 10 -
Sex(n) 20 9 11 0.49 10 10 1

Age(years) 49.7±10.3 51.3±12.1 48.4±9.1 0.54 51.9±11.5 57.5±9.1 0.36
Weight(kg) 66.9±7.6 69.2±5.8 64.9±8.6 0.22 67.4±7.9 66.3±7.7 0.76

NDI 35.6±3.9 38.2±3.9 33.6±2.2 0.03 37.9±3.9 33.2±5.3 0.04
ASIA(n)              

a 1 1 0 0.105 1 0 0.306
b 7 5 2 5 2
c 9 3 6 3 6
d 3 0 3 1 2
e 0 0 0 0 0

 

Supplementary Figure Legend
Supplementary �gure 1. In�ammasome- and pyroptosis-associated genes were up-regulated after SCI
(N=3). A-B. Relative expression of in�ammasome and pyroptosis-related genes in the spinal tissues of
mice on the third day after SCI or sham surgery (N=3).  *p < 0.05, **p < 0.01, ***p < 0.001. Data are the
mean ± SD from 3 independent experiments.

Figures
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Figure 1

Circulating NLRP3 and GSDMD in SCI patients are correlated with disease severity. A-B. Relative NLRP3
and GSDMD mRNA levels in 20 age- and sex-matched controls and SCI patients. C. Linear regression
between NLRP3 mRNA expression and NDI index (r = 0.86, p<0.001). D. Linear regression between
GSDMD mRNA expression and NDI index (r = 0.87, p<0.001). E. The ROC curve analysis of the diagnostic
signi�cance of NLRP3 (AUC=0.74) and GSDMD (AUC=0.72) for SCI.
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Figure 2

CD73 de�ciency facilitates NLRP3 in�ammasome activation and pyroptosis in macrophages/microglia
in vivo. A-B. Relative expression of pyroptosis-related genes on the third day after SCI in WT and CD73-KO
mice (N=3). C. IL-1β, IL-6 and TNF-α levels in the spinal cord homogenates of the above (N=3). D.
Secreted LDH levels in the above (N=3). E-F. Representative immunoblots and quanti�cation of
pyroptosis-related proteins on the third day after SCI or sham surgery in WT or CD73-KO mice (N=3). G.
Representative immuno�uorescence images showing in situ expression of CD68 and GSDMD in the
spinal tissues of WT or CD73-KO mice 3 days post-injury or sham surgery. H. Representative
immunohistochemistry pictures of GSDMD and CASP-1. *p < 0.05, **p < 0.01, ***p < 0.001. Data are the
mean ± SD from 3 independent experiments.
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Figure 3

CD73 alleviates LPS-induced NLRP3 in�ammasome activation and pyroptosis in microglia through
A2BAR. A. NLRP3, ASC, CASP-1 and GSDMD mRNA levels in CD73-overexpressing or knockdown BV2
cells treated with LPS and adenosine or MRS1706 (N=3). B. Amount of IL-1β, IL-6 and TNF-α released by
the above treated cells (N=3). C. Secreted LDH levels in the above groups (N=3). D-E. Pyroptosis-related
proteins in the differentially-treated BV2 cells (N=3). F. Representative immuno�uorescence images
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showing in situ expression of GSDMD in the differentially-treated BV2 cells. *p < 0.05, **p < 0.01, ***p <
0.001 versus control; #p < 0.05, ##p < 0.01, ###p < 0.001 versus RNAi-CD73; &p < 0.05, &&p < 0.01 versus
pc-CD73. Data are the mean ± SD from 3 independent experiments.

Figure 4

CD73 attenuates microglia pyroptosis via the PI3K/AKT/Foxo1 pathway. A. Heat map showing DEGs
between the WT and CD73-overexpressing LPS-stimulated BV2 cells. B. The KEGG pathway analysis of
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the DEGs. C. PI3K, AKT and Foxo1 mRNA in BV2 cells challenged with LPS in the presence or absence of
pcDNA3.1 or MK2206 (3μM) (N=3). D-E. PI3K, p-PI3K, AKT, p-AKT and FOXO1 protein levels in the
differentially-treated BV2 cells (N=3). F. NLRP3, ASC, CASP-1 and GSDMD mRNA levels in CD73-
overexpressing BV2 cells with/out MK2206 treatment (N=3). G. Amount of IL-1β, IL-6 and TNF-α released
into the supernatants of differentially-treated BV2 cells (N=3). H. Secreted LDH levels in the different
groups (N=3). I-J. Pyroptosis-related proteins in the differentially-treated BV2 cells (N=3). *p < 0.05, **p <
0.01, ***p < 0.001 versus control; #p < 0.05, ##p < 0.01, ###p < 0.001 versus pc-CD73. K. Representative
IHC images showing in situ expression of GSDMD and CASP-1 on the third day after SCI or sham surgery.
L. BBB scores at different time points after SCI with/out SC79 treatment (N=6). *p < 0.05, **p < 0.01. Data
are the mean ± SD from 3 independent experiments.
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Figure 5

Foxo1 is a transcriptional activator of GSDMD. A. Luciferase activity of truncated GSDMD promoter-
driven reporter gene (N=3). B. ChIP assay showing binding between GSDMD and FOXO1 (N=3). C.
Luciferase activity of mutant GSDMD promoter-driven reporter gene. Mutated bases are shown in red
(N=3). D. GSDMD mRNA levels in BV2 cells co-transfected with pc-Foxo1 and pc-CD73/empty vector
(N=3). E. Secreted LDH levels in the different groups (N=3). F. IL-1β, IL-6 and TNF-α levels in the different
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groups (N=3). **p < 0.01, ***p < 0.001 versus control; #p < 0.05, ##p < 0.01, ###p < 0.001 versus pc-
Foxo1. Data are the mean ± SD from 3 independent experiments.

Figure 6

HIF-1α upregulates CD73 in microglia. A. HIF-1α and CD73 mRNA levels in BV2 cells challenged with LPS
in the presence or absence of RNAi-HIF-1α (N=3). B-C. HIF-1α and CD73 protein levels in the above treated
BV2 cells (N=3). D. HIF-1α and CD73 mRNA levels in WT mice 3 days post SCI with/out BAY87-22430
treatment (N=3). E-F. HIF-1α and CD73 protein levels in the above mice (N=3). G. Representative IHC
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images showing in situ expression of CD73 in the spinal tissues of the above mice (N=3). ***p < 0.001
versus blank; #p < 0.05, ##p < 0.01, ###p < 0.001 versus LPS group. Data are the mean ± SD from 3
independent experiments.

Figure 7

CD73 mediates HIF-1α accumulation in microglia. A. HIF-1α and CD73 mRNA levels in BV2 cells
challenged with LPS in with/out RNAi-CD73 (N=3). **p < 0.01, ***p < 0.001 versus blank; ##p < 0.01,
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###p < 0.001 versus LPS group. B-C. HIF-1α and CD73 protein levels in the above cells (N=3). ***p <
0.001 versus blank; #p < 0.05 versus LPS group. D. HIF-1α and CD73 mRNA levels in WT or CD73-KO mice
3 days post SCI (N=3). **p < 0.01, ***p < 0.001 versus WT-Sham; #p < 0.05 versus WT-SCI. E-F. HIF-1α and
CD73 protein levels in the above mice (N=3). ***p < 0.001 versus WT-Sham; ##p < 0.01 versus WT-SCI. G.
HIF-1α and CD73 levels in CD73-overexpressing BV2 cells challenged with LPS and MRS1706 (1μM) or
SB203580 (10μM) (N=3). *p < 0.05, **p < 0.01 versus control; #p < 0.05 versus pc-CD73. H-I. HIF-1α and
CD73 protein levels in the differentially-treated BV2 cells (N=3). ***p < 0.001 versus control; ##p < 0.01
versus pc-CD73. Data are shown as the mean ± SD from 3 independent experiments.

Figure 8

CD73 alleviates GSDMD-mediated pyroptosis by inhibiting PI3K/AKT/Foxo1 signaling. CD73 increases
extracellular adenosine levels after injury, which activates the PI3K/AKT pathway via A2BAR, resulting in
suppression of the NLRP3 in�ammasome and GSDMD. The accumulation of HIF-1α after SCI
upregulates CD73, which further increases HIF-1α levels through the adenosine-A2BAR-p38 cascade, thus
forming a positive feedback regulation. This image is drawn with BioRender (www.biorender.com).
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