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Abstract

The perplexing innate immune response induced by SARS-CoV-2 infection remains inadequate uncovered. Previous studies

showed that coronavirus papain-like protease (PLP) could evade type I interferons mediated innate immune responses. In

this study, we found the inflammasome genes (NLRP3, NLRP6, PYCARD, IL1B, IL18, TRIM31, FBXL2, MARCH7) were

down-regulated in CD14+ monocytes from COVID-19 patients. Secondly, we found that SARS-CoV-2 PLP may act on the

NLRP3 inflammasome pathway. PLP may interact with ASC and interrupt ASC oligomerization by reducing the K48-linked

and K63-linked ubiquitination of ASC, so that the excessive activation of the NLRP3 inflammatory pathway might be inhibited

and the release of IL-1β was blocked. Thirdly, SARS-CoV-2 PLP negatively regulated the pyroptosis of host cells, which was

mediated by caspase-1, the key regulator of the NLRP3 inflammasome pathway. In general, SARS-CoV-2 PLP avoids the

excessive immune defenses in the early stage of virus infection, which provides the maximum advantage for virus replication.

These insights uncover the flex function of CoV encoding proteases. Furthermore, this research may provide a new vision of

COVID-19 epidemic prevention and new possibilities for new therapies.
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Abstract

The perplexing innate immune response induced by SARS-CoV-2 infection remains inadequate uncovered.
Previous studies showed that coronavirus papain-like protease (PLP) could evade type I interferons mediated
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innate immune responses. In this study, we found the inflammasome genes (NLRP3, NLRP6, PYCARD,
IL1B, IL18, TRIM31, FBXL2, MARCH7) were down-regulated in CD14+ monocytes from COVID-19 pa-
tients. Secondly, we found that SARS-CoV-2 PLP may act on the NLRP3 inflammasome pathway. PLP
may interact with ASC and interrupt ASC oligomerization by reducing the K48-linked and K63-linked ubiq-
uitination of ASC, so that the excessive activation of the NLRP3 inflammatory pathway might be inhibited
and the release of IL-1β was blocked. Thirdly, SARS-CoV-2 PLP negatively regulated the pyroptosis of host
cells, which was mediated by caspase-1, the key regulator of the NLRP3 inflammasome pathway. In general,
SARS-CoV-2 PLP avoids the excessive immune defenses in the early stage of virus infection, which provides
the maximum advantage for virus replication. These insights uncover the flex function of CoV encoding
proteases. Furthermore, this research may provide a new vision of COVID-19 epidemic prevention and new
possibilities for new therapies.

Key words: SARS-CoV-2; papain-like protease; NLRP3 inflammasome; IL-1β· pyroptosis; ASC; deubiquti-
nation

Introduction

Since the 2019 coronavirus disease (COVID-19) pandemic caused by the human severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) began at the end of 2019, there have been over 650 million confirmed
cases of COVID-19 and over 6.6 million deaths 1, which showed a serious impact on human health and life.

As SARS-CoV-2 invaded the organism, the immune system would respond to the virus invasion and induce
complex pathology in hosts. The innate immune system, as the first line of defense against SARS-CoV-2,
plays a vital role in the clearance of viruses 2. Infected cells may prime the innate immune response to
clear the virus in the early stages of infection; however, SARS-CoV-2 may evade the type I innate immune
response mediated by type I interferons (IFN) and pro-inflammatory cytokines like IL-1, IL-6, and TNF in
multiple ways, contributing to early viral replication and spread3,4.

Papain-like protease (PLP) is one of the domains included by coronavirus’s non-structural protein 3 (nsp3),
which exhibits catalytic activity in processing the cleavage of nsp1—nsp2, nsp2—nsp3, and nsp3—nsp4 and
shows de-ubiquitination activity. In addition, PLP participates in virus replication in collaboration with
other proteases like the main protease 3CL 5. Previous studies in our laboratory showed that the NL63
PLP2-mediated IFN antagonistic component6. Membrane-associated PLP (PLP-TM) of NL63 or SARS
inhibited STING-mediated nuclear translocation activation of IRF-3 and promoter-dependent induction of
IRF-3, which also negatively regulated the assembly of the STING-MAVS-TBK1/IKK complex required
for IRF-3 activation, thereby inhibited IFN expression 7,8. Moreover, MERS PLP also antagonizes IFN-
mediated immune responses. CoV PLP interacts with Beclin-1 to induce incomplete autophagy and thus
impedes antiviral innate immunity 9. Recent research elaborates that SARS-CoV-2 PLP shows deISGylating
activity and lower catalytic activity on K48-linked Ub chains compared with SARS-CoV PLP10-12. What’s
more, as with SARS PLP and MERS PLP, SARS-CoV-2 PLP also attenuates IFN-mediated immunity and
regulates the replication and spread of the virus 13.

IFN and pro-inflammatory cytokines like IL-1β play essential roles in engaging innate immune defenses. The
NLRP1, NLRP3, IPAF, and AIM2 inflammasomes are common platforms for the maturation of IL-1β and
induce pyroptosis 14. Different from other inflammasomes, the NLRP3 inflammasome could be stimulated
by a wide variety of activators, such as the single-strand virus15. The NLRP3 inflammasome is composed
of three key molecules: the NACHT, LRR, and PYD domains-containing protein 3 (NLRP3), the adaptor
apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), and pro-caspase-
1. With the right stimuli, these three molecules could form a complex that further acts on downstream
pro-inflammatory cytokines such as IL-1β and induce pyroptosis 14.

As SARS-CoV-2 PLP has been reported to inhibit IFN-mediated innate immunity 13, we suspect that SARS-
CoV-2 PLP would impact the NLRP3 inflammasome pathway. This article pays attention to SARS-CoV-2
PLP interacting with the NLRP3 inflammasome pathway.
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2 Materials and methods

2.1 Reagents

Dulbecco’s Modified Eagle Medium (gibco, C11995500BT), RIMP-1640 (SIGMA, R8758-500ML), FBS (Bey-
otime, C0234), Lipopolysaccharides from Escherichia coli O55:B5 (SIGMA, 12190801), nigericin (invivogen,
tlrl-nig), Phorbol 12-myristate 13-acetate (PMA) (SIGMA, P1585-10mg), disuccinimidyl suberate (DSS)
(Thermo Fisher Scientific, A39267), IL-1β ELISA kit (Dakewe, 1110122), Anti-DDDDK-tag mouse mAb
(MBL, M185-3L), Anti-Myc-tag mouse mAb (MBL, M192-3), Anti-HA-tag mouse mAb (MBL, M180-3),
Anti-Myc-tag rabbit pAb (MBL, 562), NLRP3 (D4D8T) Rabbit mAb (CST, 15101S), V5-Tag (D3H8Q)
Rabbit mAb (CST, 13202S), Cleaved-IL-1β (Asp116) (D3A3Z) Rabbit mAb (CST, 83186S), IL-1β (D3U3E)
Rabbit mAb (CST, 12703S), ASC/TMS1 (E1E3I) Rabbit mAb (CST, 13833S), Caspase-1 (D7F10) Rab-
bit mAb (CST, 3866), Gasdermin D (E8G3F) Rabbit mAb (CST, 97558S), Cleaved Caspase-1 (Asp297)
(D57A2) Rabbit mAb (CST, 4199S), Anti-cleaved N-terminal GSDMD antibody [EPR20829-408] (Abcam,
ab215203), β-Actin Rabbit mAb (High Dilution) (ABclonal, AC026), Anti-IgG (H+L chain) (Mouse) pAb-
HRP (MBL, 330), Anti-IgG (H+L chain) (Rabbit) pAb-HRP (MBL, 458), Protein A + G agarose (Beyotime,
P2012), lipofectamine 2000 reagent (Invitrogen, 11668-019), CellTiter-Glo luminescent cell viability assay kit
(Promega, G7570), CytoTox 96 non-radioactive cytotoxicity assay kit (Promega, G1780), protease inhibitor
cocktail (Beyotime, P1005), DAPI (Beyotime, C1002), Antifade Mounting Medium (Beyotime, P0126-5ml),
Alexa Fluor® 594-labeled goat anti-rabbit IgG (H+L) (Affinity purified) (ZSGB-BIO, ZF-0516), Alexa
Fluor® 594 Goat Anti-Mouse IgG (H+L) (Affinity Purified) (ZSGB-BIO, ZF-0513), Alexa Fluor® 488 Po-
lyclonal Goat Anti-Rabbit IgG (H+L) (ZSGB-BIO, ZF-0511), Cy5 conjugated Goat Anti-mouse IgG (H+L)
(Servicebio, GB27301), glass bottom cell culture dish (NEST, 801002).

2.2 Data collection and reanalysis

The raw scRNA-seq FASTQ files of PBMCs were downloaded from the Genome Sequence Archive of the
Beijing Institute of Genomics (BIG) Data Center (HRA000150). These reads were then parsed by Cell Ranger
(v.4.0.0) count pipeline with the GRCh38 human reference genome to generate gene expression matrices
respectively. The subsequent analyses were performed by R (v.4.0.2) scripts with Seurat (v.3.2.2) package.
Eight genes (NLRP3, NLRP6, PYCARD, IL1B, IL18, TRIM31, FBXL2, MARCH7) were used to define the
Inflammasome pathway score. All of the boxplots in this study were plotted using “geom boxplot” in ggplot2
(ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York, 2016) R package. Wilcoxon rank-
sum test was applied to test the significance of the difference between conditions using the “geom signif”
function in ggsignif (Significance Brackets for ’ggplot2’) R package. The analysis method can be consulted
in the supplementary material

2.3 Cell culture and stimulation

HEK-293T cells and BEAS-2B cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10%FBS and 1% P/S, THP-1 cells purchased from National Infrastructure of Cell Line
Resources (NICR) were cultured in RIMP-1640 supplemented with 10%FBS and 1% P/S at 37 under 5%
CO2. THP-1 cells were differentiated into macrophages by treatment with 20ng/ml PMA for 36h. THP-1
macrophages were then stimulated with 1ug/ml LPS for 3h followed by 10μM nigericin for 3h. BEAS-2B
cells were stimulated with 10ug/ml LPS for 12h followed by 10μM nigericin for 3h. Cell lysates were collected
for western blotting, supernatants were collected for ELISA.

2.4 Plasmids construction and transfection

SARS-CoV-2 PLP-TM (aa 1564 – aa 2394 of pp1ab) was encoded into V5/HisB vector between Myc-NLRP3,
Myc-ASC, and Myc-pro-caspase-1 were gift kingly provided by Jian Wang (Beijing Proteome Research Cen-
ter, China). ASC was cloned into pcDN3.1 HA-tagged vector/Flag-tagged vector (obtained from miaolingbio)
between Hind III and EcoR I. The cDNAs encoding human pro-IL-1β were obtained by reverse transcription
of total RNA from THP-1 macrophages, followed by PCR using specific primers. According to the operation
manual, Lipofectamine 2000 was used to transfect plasmids into cells.
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2.5 Lentivirus production and infection

GFP-Flag-PLP-TM-Lentivirus and GFP-CT-Lentivirus (control vector) were constructed by genechem
(Shanghai). 5E+8 TU/ml GFP-Flag-PLP-TM-Lentivirus or 1E+8 TU/ml GFP-CT-Lentivirus infected
THP-1 cells for 48h, and then infected THP-1 cells were cultured with 2.5ug/ml puromycin for 72h.

2.6 Co-IP assay

Plasmids were transfected into HEK-293T cells as indicated for 24h. Cells were lysed by NP-40 lysis buffer
(50mmol/L Tris-HCl pH 7.4, 150mmol/L NaCl, 2mmol/L NaCl, 2mmol/L EDTA, 1% NP-40) containing
protease inhibitor cocktail (Beyotime, 1mmol/L). Protein was immunoprecipitated with Protein A/G agarose
beads (Beyotime) and proper antibody. Collecting the precipitate and adding 50ul 2×loading buffer to end
the reaction. Finally, Western blotting was used to detect the interaction between two proteins.

2.7 Co-IP Ubiquitination assay

Plasmids were transfected into HEK-293T cells as indicated for 24h. Then cells were cultured with 25mmol/L
MG-132 for 4h. Cells were lysed by RIPA buffer (50mmol/L Tris-HCl pH 7.4, 150mmol/L NaCl, 2mmol/L
NaCl, 2mmol/L EDTA, 1% NP-40, 0.1% SDS) containing protease inhibitor cocktail (Beyotime, 1mmol/L)
and 10μmol/L NEM. Protein was immunoprecipitated with Protein A/G agarose beads (Beyotime) and
proper antibody. Collecting the precipitate and adding 50ul 2×loading buffer to end the reaction. Finally,
Western blotting was used to detect the interaction between two proteins.

2.8 Immunofluorescence

Cells were cultured in a glass bottom cell culture dish (NEST, 801002). The cells were fixed with 4%
polyformaldehyde for 20min and incubated with 0.2% Triton X100 for 20min followed by 5% BSA for 1h,
then the cells were incubated with indicated proper antibodies. The nucleus was dyed with DAPI for 5min.
Finally, cells were covered with an anti-quenching agent. Images and three-dimension reconstruction were
acquired by confocal microscope (Dragonfly, Andor). Image processing was conducted by Imaris Viewer 9.8.0.

2.9 Cell viability assay and Cytotoxicity assay

THP-1 cells were planted in 96-wells plates and stimulated as indicated, while BEAS-2B cells were planted in
96-wells plates and transfected with V5/HisB SARS-CoV-2 PLP-TM or vector for 24h, then BEAS-2B cells
were stimulated with 10ug/ml LPS for 12h following with nig 10μM for 3h. The supernatants were collected
for Lactate dehydrogenase (LDH) detection to assess cell death by using to assess cell death using a CytoTox
96 non-radioactive cytotoxicity assay kit (Promega). While the pellets were collected for cellular ATP
determination to assess cell viability by using CellTiter-Glo luminescent cell viability assay kit (Promega).

2.10 ASC oligomerization

THP-1 macrophages were primed with LPS (1 ug/ml) for 3 h followed by 3 h nigericin (10 μmol/L) stimu-
lation. ASC oligomerization assays were performed as previously described 16.

2.11 ΙΛ-1β μεασυρεδ βψ ΕΛΙΣΑ

IL-1β levels were measured by ELISA kit (1110122, Dakewe, Shenzhen) following the manufacturer’s instruc-
tions.

2.12 Statistical analysis

The sample size was not predetermined by any statistical methods. Experiments were independently repeated
at least three times to achieve statistical significance. Data were shown as means ± SD of three technical
replicates. Data were analyzed by two-tailed Student’s t-tests if not specified. GraphPad Prism 9.0 was used
to analyze data.P -values < 0.05 were termed as significant (*P< 0.05; **P < 0.01; and ***P< 0.001); NS
means non-significant.

3 Results
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3.1 The inflammasome pathway is downgraded in the innate immune cells of COVID-19 pati-
ents

Previous studies showed that, compared with healthy donors, IL-1β levels in serum from COVID-19 patients
were not elevated 17. To figure out the cause of this phenomenon, we reanalyzed the single-cell RNA se-
quencing data (accession code HRA000150). PBMCs from 5 healthy donors, 11 COVID-19 patients (among
them, there were 7 moderate patients and 4 severe patients), and 6 convalescent patients were collected
for single-cell transcriptional sequencing. When analyzing, eight genes (NLRP3, NLRP6, PYCARD, IL1B,
IL18, TRIM31, FBXL2, MARCH7 ) were used to define the inflammasome pathway score among natural
killer cells, CD14+ monocytes, CD16+ monocytes, mononuclear dendritic cells, and dendritic cells. Com-
pared with healthy donors and convalescent patients, the inflammasome pathway score was downgraded
among CD14+ mononuclear cells, mononuclear dendritic cells, and dendritic cells (Figure 1A). Furthermore,
the expression levels of NLRP3, NLRP6, IL-1β, and MARCH7 fell in COVID-19 patients, while they rose
again in convalescent patients (Figure 1B). These results indicated that the NLRP3-associated inflammasome
pathway was downregulated in SARS-CoV-2-infected innate immune cells.

3.2 ΣΑΡΣ-ὃ῞-2 ΠΛΠ ινηιβιτς ςασπασε-1 ςλεαvαγε ανδ ματυρατιον οφ ΙΛ-1β (π17)

As we observed that the expression levels of NLRP3/IL-1β were down-regulated in innate immune cells
from COVID-19 patients, we want to further explore which protein encoded by the SARS-CoV-2 genome is
involved in the down-regulated NLRP3 inflammasome pathway. A previous study has proven that SARS-
CoV-2 PLP negatively regulates IFN-mediated innate immunity13. As our group has already reported, the
negative regulation of IFNβ by other coronavirus PLPs6,8,9, we suspected whether the SARS-CoV-2 PLP
would inhibit the NLRP3 inflammasome to a certain extent. According to previous reports, the expression of
PLP, including the downstream transmembrane (TM) domains, was required for processing at the cleavage
sites in the polyprotein 1a (1ab) 18,19. Whereupon, we constructed SARS-CoV-2 PLP-TM (aa 1564 – aa 2394
of pp1ab) into a V5/HisB-tagged plasmid (Figure S2). Then plasmids encoding NLRP3, ASC, pro-caspase-1,
pro-IL-1β, and V5/HisB tagged SARS-CoV-2 PLP-TM were co-transfected into HEK-293T cells. The results
showed that the expression levels of IL-1β (p17) in cell lysates and the secretion of IL-1β were decreased by
SARS-CoV-2 PLP-TM (Figure 2A). In addition, we generated the THP-1 cells stably expressing Flag-tagged
SARS-CoV-2 PLP-TM. After stimulation, the expression levels of IL-1β (p17) in cell lysates and supernatants
were compared between the Flag-tagged SARS-CoV-2 PLP-TM -overexpressing cells and the control cells.
The secretion of IL-1β (p17) in the Flag-tagged SARS-CoV-2 PLP-TM-overexpressing cells was less than
in the control cells (Figure 2B). What’s more, we also examined the expression of NLRP3 inflammasome
adapting proteins. Among these proteins, cleaved caspase-1 (p20) was inhibited by SARS-CoV-2 PLP-TM
(Figure 2B). The same phenomenon was also observed in BEAS-2B cells (Figure S3). Taken together, these
results indicate that SARS-CoV-2 PLP-TM inhibits the activation of the NLRP3 inflammasome.

3.3 SARS-CoV-2 PLP inhibits GSDMD-mediated pyroptosis in THP-1 macrophages

The activation of the NLRP3 inflammasome recruits pro-caspase-1 and induces pro-caspase-1 to self-cleave.
Then, the formation of cleaved-caspase-1 (p20) cuts GSDMD into two forms—GSDMD-N and GSDMD-
C. GSDMD-N fuses into the membrane, and then the formation of membrane pores eventually causes cell
swelling, which was thought to be the signature of cell pyroptosis20. Based on the findings above, we
discovered that SARS-CoV-2 PLP-TM inhibited cleaved caspase-1 (p20) (Figures 2A-2B). As a result, we
further observed the effect of SARS-CoV-2 PLP-TM on cell pyroptosis. Lipopolysaccharide (LPS) and
nigericin were used to induce THP-1 pyroptosis, then the lactate dehydrogenase (LDH) releasing assay was
conducted to reflect the cell death, and the cell viability assay was monitored by calculating ATPs in living
cells. Compared with the control cells, SARS-CoV-2 PLP-TM-overexpressing THP-1 macrophages showed
less cell cytotoxicity and more cell viability (Figures 3B–3C). Besides, the expression levels of GSDMD-
N decreased in SARS-CoV-2 PLP-TM-overexpressing THP-1 macrophages (Figure 3A), however, all these
results were only detected in THP-1 macrophages. In BEAS-2B cells, even though GSDMD-N (43 KDa) was
inhibited by SARS-CoV-2 PLP-TM (Figure S4A), the cell death showed no differences between SARS-CoV-2
PLP-TM and the control cells (Figure S4B). These results in THP-1 macrophages were different from those

5
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in BEAS-2B cells, as we found that GSDMD-N (43 KDa) expressed much higher than GSDMD-N (30 KDa)
after stimulation with LPS and nig in BEAS-2B cells (Figure S4A). Another study showed that GSDMD
can be cleaved at the 43 KDa site by caspase-3, which blocks pyroptosis21. We suspect that even though the
NLRP3 inflammasome is activated by LPS and nig in BEAS-2B, the expression levels of caspase-3 might be
stimulated much more than caspase-1. Altogether, these results reflect that SARS-CoV-2 PLP-TM might
inhibit GSDMD-mediated pyroptosis in THP-1 macrophages.

3.4 SARS-CoV-2 PLP partially co-localizes with ASC

To visually observe the sub-cellular localizations of SARS-CoV-2 PLP-TM, NLRP3, pro-caspase-1, and
ASC, HEK-293T cells were transfected with V5-SARS-CoV-2 PLP-TM, Myc-NLRP3, Myc-pro-caspase-1,
and HA-ASC. The images of immunofluorescence were shot by confocal microscopy. As in other studies 22,
NLRP3 was diffusely distributed in the cytoplasm (Figure 4A); pro-caspase-1 was diffusely distributed in
the nucleus and cytoplasm (Figure 4A); ASC has two forms, one of which was diffusely distributed in the
nucleus and cytoplasm, and the other form of which was organized into specks in the cytoplasm (Figure 4A).
After stimulation, ASC was redistributed from the nucleus to the cytoplasm and formed specks 23. While
in THP-1 macrophages, ASC distributed in the nucleus and the cytoplasm without stimulation, but when
cultured with LPS and nigericin, ASC formed specks in the cytoplasm (Figure 4D, Figure 4E), which is the
same as the research reported previously 24.

In this research, we constructed two transmembrane domains—TM1 and TM2 along with PLP. PLP could
locate on the ER membrane in the presence of TM1 and TM2 5, so we observed that SARS-CoV-2 PLP-
TM mainly spread in the cytoplasm (Figure 4A). When NLRP3/ASC/pro-caspase-1 were separately co-
transfected with SARS-CoV-2 PLP-TM, no co-localizations of SARS-CoV-2 PLP-TM with NLRP3 or pro-
caspase-1 were observed (Figure 4B), but ASC was partially co-localized with SARS-CoV-2 PLP-TM. Inter-
estingly, in our experiment, when ASC specks formed, SARS-CoV-2 PLP-TM could constitute a ’ring-like’
structure (Figure 4B). Compared with the control cells, SARS-CoV-2 PLP-TM might co-localize with ASC
in the absence of stimulation; while after stimulation, SARS-CoV-2 PLP-TM formed the same structure as
in HEK-293T cells (Figure 4D). To observe the ‘ring-like’ structure more entirely, we observed the three-
dimensional structure through three-dimensional reconstruction by scanning slice by slice. Interestingly, the
‘ring-like’ SARS-CoV-2 PLP-TM could wrap around an ASC speck. To further study whether SARS-CoV-2
PLP-TM could damage the co-localization of NLRP3 with ASC, we constructed SARS-CoV-2 PLP-TM into
GFP-tagged plasmids and transfected them with Myc-NLRP3 and HA-ASC into HEK-293T cells. As ob-
served, Myc-NLRP3 and HA-ASC could interact with each other and form a complex (Figure 4C), however,
SARS-CoV-2 PLP-TM still formed a “ring-like” structure and wrapped around the complex (Figure 4C),
which didn’t change the NLRP3-ASC complex. All these results indicate that SARS-CoV-2 PLP-TM might
co-localize with ASC and form a ‘ring-like’ structure to wrap ASC around. Thus, as to our observation,
SARS-CoV-2 PLP-TM might not destroy the NLRP3-ASC complex, but might subsequently interrupt the
form of the NLRP3-ASC-caspase-1 complex.

3.5 SARS-CoV-2 PLP binds with ASC

During the process of NLRP3 inflammasome activation, the formation of the NLRP3-ASC-caspase-1 complex
is the key to inducing the maturation of IL-1β and the formation of GSDMD-N 15. The upper results indi-
cate that SARS-CoV-2 PLP-TM might inhibit the activation of the NLRP3 inflammasome and pyroptosis,
however, we are still confused about how SARS-CoV-2 PLP-TM affects the activation of the NLRP3 inflam-
masome. Therefore, we detected the interaction between SARS-CoV-2 PLP-TM and NLRP3/ASC/caspase-
1/pro-IL-1β separately by co-IP assay. As a result, we found that SARS-CoV-2 PLP-TM interacts with
ASC (Figures 5A–5D). These results indicate that SARS-CoV-2 PLP-TM might interact with ASC so that
it could inhibit the activation of the NLRP3 inflammasome and pyroptosis.

3.6 SARS-CoV-2 PLP interrupts the oligomerization of ASC

The oligomerization of ASC is an important sign in the activation of the NLRP3 inflammasome, while
the formation of ASC oligomers is critical for inducing pro-caspase-1 cleavage. In HEK-293T cells, V5-
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tagged SARS-CoV-2 PLP-TM plasmids were co-transfected with plasmids encoding NLRP3, ASC, and
pro-caspase-1 for 24 h, then ASC oligomers were detected by immunoblotting. As we can see in Figure
6A, SARS-CoV-2 PLP-TM could inhibit the oligomerization of ASC. SARS-CoV-2 PLP-TM could reduce
the ASC oligomers stimulated by LPS and nig in THP-1 macrophages (Figure 6B). What’s more, the same
results were observed in BEAS-2B cells (Figure S5). These results reflect that SARS-CoV-2 PLP-TM might
inhibit the oligomerization of ASC when the NLRP3 inflammasome pathway was excessively activated.

3.7 SARS-CoV-2 PLP reduces K48-linked and K63-linked ubiquitination of ASC

Protein modification plays an important role in the activation of the NLRP3 inflammasome. Among these
modifications, ubiquitination and deubiquitination are of great significance. While the deubiquitination of
NLRP3 and ubiquitination of ASC, pro-caspase-1, and pro-IL-1β are required for the NLRP3 inflammasome
activation 25,26. In addition, SARS-CoV-2 PLP-TM as an enzyme has a Ub binding domain and could play
a role in the deubiquitination of poly-Ub27. As a result, we investigated whether SARS-CoV-2 mediated
deubiquitination of NLRP3, ASC, and pro-caspase-1. Plasmids encoding SARS-CoV-2 PLP-TM were trans-
fected into HEK-293T cells together with plasmids encoding NLRP3 or ASC or pro-caspase-1 and ubiquitin.
All these results showed that SARS-CoV-2 PLP-TM could reduce the ubiquitination of ASC (Figure 7A–7C).
The result reminds us that SARS-CoV-2 PLP-TM might inhibit the activation of the NLRP3 inflammasome
through involvement in the deubiquitination of ASC.

To further reveal the possible SARS-CoV-2 PLP-TM-mediated deubiquitination site of ASC. We transfected
V5-tagged SARS-CoV-2 PLP-TM, Flag-ASC, and HA-tagged K48- or K63-linked ubiquitin into HEK-293T
cells. Even though other research about SARS-CoV-2 PLP presents a poor ability to recognize K48- and
K63-linked di-Ub, we still observed that SARS-CoV-2 PLP-TM could reduce both K48- and K63-linked
ubiquitination of ASC (Figure 7D–7E). These results reflect the possibility that SARS-CoV-2 PLP-TM
might reduce ASC’s K48- and K63-linked ubiquitination.

4 Discussion

In this study, we found that the gene expression of NLRP3 and IL-1β was downregulated in CD14+ and
CD16+ monocytes from COVID-19 patients, while MARCH7 and IL-18 declined only in CD16+ monocytes.
Further studies show that SARS-CoV-2 PLP-TM might block IL-1β maturation, and subsequently inhibit
the activation of GSDMD, reducing the release of IL-1β. Specifically, SARS-CoV-2 PLP-TM interacts with
ASC and reduces the ASC’s K48- and K63-linked ubiquitination, which decreases ASC’s oligomerization
and the formation of the NLRP3 inflammasome complex (Figure 8). The protease encoded by the SARS-
CoV-2 genome interacting with host proteins to antagonize host antiviral immunity might explain why
asymptomatic patients accounted for one-third of the total number of infected patients 28.

Like other coronaviruses, after infection into host cells, the SARS-CoV-2 genome starts to translate first and
encodes two large polyproteins, pp1a and pp1ab, which contain non-structural proteins 1–16, while PLP
plays a vital role in releasing nsp1-3 and regulating virus replication 29. Furthermore, previous research has
shown that SARS/NL63-CoV PLP functions as an innate immunity antagonist and plays a novel role in the
viral immune escape, which may benefit virus replication.

In this research, we found SARS-CoV-2 PLP-TM could inhibit IL-1β maturation, which might explain why
there was no significant increase in pro-inflammatory cytokines such as IL-1β in lung tissue within 96 hours of
SARS-CoV-2 infection and no significant increase in serum IL-1β, IL-6 from asymptomatic and mild patients
in the early stage of the disease30,31.

The NLRP3 inflammasome is a common anti-virus immune pathway in response to virus invasion 32. The
NLRP3 inflammasome is mainly composed of NLRP3, ASC, and caspase-1. Upon activation, NLRP3 could
assemble with ASC, and the assembly finally activates caspase-1. The activation of caspase-1 plays a key role
in IL-1β maturation and cleaves full-length GSDMD into a GSDMD N-terminal fragment and a GSDMD
C-terminal fragment, while the cleavage of full-length GSDMD and pore formation is vital for IL-1β release
15,33. ASC is an adaptor protein containing two domains—pyrin and CARD, which connect upstream
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NLRP3 and downstream pro-caspase-1 34. The oligomerization of ASC dimers is the key to constituting
pyroptosome also called ASC speck 35. The formation of ASC specks is the symbol of NLRP3 inflammasome
activation which recruits pro-caspase-1 to self-catalyze. The activation form of caspase-1 (p20) induces IL-1β
maturation and cleaves the full length of GSDMD into GSDMD-N and GSDMD-C. GSDMD-N forms a pore
on the membrane that releases IL-1β, and finally, the cell swells to death 20,34. In this research, we observe
that SARS-CoV-2 PLP-TM could decrease the oligomerization of ASC by interacting with ASC, so that the
NLRP3 inflammasome pathway is inhibited.

As previous studies show that the transmembrane domains of nsp3 could participate in the formation of
double-membrane vesicles (DMVs) and convoluted membranes (CMs) derived from endoplasmic reticulum
(ER) infected coronaviruses 5, which might explain why SARS-CoV-2 PLP-TM forms a “ring-like” structural
and grabs an ASC speck around. Since SARS-CoV-2 PLP-TM didn’t block NLRP3-ASC complex formation
but could co-localize with ASC, we speculate that the interaction between SARS-CoV-2 PLP-TM and ASC
might block the interaction between ASC and pro-caspase-1, so that the activated form of pro-caspase-1
(p20) was inhibited.

Furthermore, posttranslational modifications like ubiquitination could regulate immune responses, such as
IKK activation, MAPK activation, TBK1/IKKε activation, NLR signaling, and so on 36. Ubiquitination is
essential for the oligomerization of ASC25,26. In our study, SARS-CoV-2 PLP-TM interacts with ASC and
performs a DUB activity that inhibits ASC oligomerization, preventing the formation of NLRP3 complexes
and thus blocking the pathway. Then, the maturation of IL-1β is inhibited. Meanwhile, SARS-CoV-2 PLP-
TM suppresses the activation of pro-caspase-1, decreasing the cleavage of GSDMD and weakening pyroptosis.
Then, the release of IL-1β is also inhibited. As the result, the host cannot produce effective antiviral
immunity, which helps the virus escape from the host’s antiviral immunity and provides the maximum
advantage for the replication of the virus.

Above all, in this research, it was uncovered that SARS CoV-2 papain-like protease inhibits IL-1β matu-
ration and host pyroptosis through disruption of ASC oligomerization and the deubiquitination of ASC,
which subsequently negatively regulated the NLRP3 inflammasome pathway. These insights uncover the
flex function of CoV encoding proteases. Furthermore, this research may provide a new vision of COVID-19
epidemic prevention and new possibilities for new therapies.
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Figure legends

FIGURE 1 Analysis of NLRP3 inflammasome pathway based on single-cell transcriptional
sequence data in innate immune cells from COVID-19 patients. (A) The expression level of the
inflammasome pathway (NLRP3, NLRP6, PYCARD, IL1B, IL18, TRIM31, FBXL2, MARCH7) across four
conditions. (B) Expression levels of NLRP3, MARCH7, IL-1β, and IL-18 in innate immune cells from
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each group were calculated. The single-cell transcriptional profiling of innate immune cells was gotten from
health donors (n=5), SARS-CoV-2-infected moderate patients (n=7), severe patients (n=4), and convalescent
(n=6). Wilcoxon rank-sum test was applied to test the significance of the difference between conditions. *P
<0.05, ** P <0.01, ***P <0.001, **** P <0.0001.

ΦΙΓΥΡΕ 2 ΣΑΡΣ-ὃ῞-2 ΠΛΠ ινηιβιτς ςασπασε-1 ςλεαvαγε ανδ ματυρατιον οφ ΙΛ-1β. (A)
The plasmids encoding V5/HisB-tagged SARS-CoV-2 PLP-TM or pcDNA3.1 V5/HisB were co-transfected
with plasmids encoding Myc-tagged NLRP3, Pro-caspase-1, ASC and plasmids encoding Flag-tagged pro-
IL-1β into HEK-293T cells for 24h. Supernatants were collected for an ELISA to determine IL-1β levels and
cell lysates were immunoblotted with antibodies against V5, Myc, or Flag. (B) THP-1 macrophages stably
expressing Flag-tagged SARS-CoV-2 PLP-TM or control vector were pretreated with 1ug/ml LPS followed
with 10μmol/L nigericin for 1.5h. Supernatants were collected for an ELISA to determine IL-1β levels and
cell lysates were immunoblotted with antibodies against the indicated proteins. Student’s t-test was used
and data were shown as means ± SD of three technical replicates. NS, non-significant; *P <0.05.

FIGURE 3 SARS-CoV-2 PLP inhibits GSDMD-N mediated cell pyroptosis.

THP-1 macrophages stably expressing Flag-tagged SARS-CoV-2 PLP-TM or control vector were pretreated
with 1ug/ml LPS followed with 10μmol/L nigericin for 1.5h. (A) Cell lysates were immunoblotted with
antibodies against the indicated proteins. (B) Cell death was examined by LDH release assay in supernatants.
(C) Cell viability was examined by ATP in cell lysates. Student’s t-test was used and data were shown as
means ± SD of three technical replicates. NS, non-significant, *P <0.05, **P <0.01, ***P <0.001.

FIGURE 4 SARS-CoV-2 PLP partially co-localizes with ASC. (A) HEK-293T cells were trans-
fected with V5-SARS-CoV-2 PLP-TM or Myc-NLRP3 or Myc-pro-caspase-1 or HA-ASC for 24h. The sub-
cellular locations of Myc-NLRP3 (red), Myc-pro-caspase-1 (red), HA-ASC (purple), V5-SARS-CoV-2 PLP-
TM (green), and nucleus marker DAPI (blue) were visualized with confocal microscopy. (B) HEK-293T
cells were transfected with V5-SARS-CoV-2 PLP-TM + Myc-NLRP3 or V5-SARS-CoV-2 PLP-TM + Myc-
pro-caspase-1 or V5-SARS-CoV-2 PLP-TM + HA-ASC. Twenty-four hours later, the immunofluorescence
assay was performed using a confocal microscope. (C) HEK-293T cells were transfected with GFP-vector
or GFP-SARS-CoV-2 PLP-TM or Myc-NLRP3 + HA-ASC or GFP-vector + Myc-NLRP3 + HA-ASC or
GFP-SARS-CoV-2-PLP-TM + Myc-NLRP3 + HA-ASC. Twenty-four hours later, the immunofluorescence
assay was performed using a confocal microscope. (D) PMA differentiated THP-1 macrophages were stably
infected with CT-lentivirus or Flag-SARS-CoV-2 PLP-TM-lentivirus were incubated with PBS or 1ug/ml
LPS for 3h plus 10μmol/L Nigericin for 3h. The sub-cellular locations of ASC (red), Flag-SARS-CoV-2
PLP-TM (green), and nucleus marker (blue) were visualized with confocal microscopy. (E) PMA differenti-
ated THP-1 macrophages were stably infected with CT-lentivirus or Flag-SARS-CoV-2 PLP-TM-lentivirus
were incubated with PBS or 1ug/ml LPS for 3h plus 10μmol/L Nigericin for 3h. The three-dimensional re-
constructions of ASC (red), Flag-SARS-CoV-2 PLP-TM (green), and nucleus marker (blue) were visualized
with confocal microscopy.

FIGURE 5 SARS-CoV-2 PLP interacts with ASC. (A) HEK-293T cells were transfected with plas-
mids encoding Myc-tagged NLRP3 (lanes 3 and 4), or with plasmids encoding V5-tagged SARS CoV-2
PLP-TM (lanes 2 and 4) and with an empty V5-tagged vector. Cell lysates were collected and immunopre-
cipitated with antibodies against Myc, followed by immunodetection with antibodies against V5. Immunoblot
analysis of input was conducted as indicated. (B) HEK-293T cells were transfected with plasmids encoding
Myc-tagged pro-caspase-1 (lanes 3 and 4), or with plasmids encoding V5-tagged SARS CoV-2 PLP-TM
(lanes 2 and 4) and with an empty V5-tagged vector. Cell lysates were collected and immunoprecipitated
with antibodies against Myc, followed by immunodetection with antibodies against V5. Immunoblot analysis
of input was conducted as indicated. (C) HEK-293T cells were transfected with plasmids encoding Myc-
tagged ASC (lanes 3 and 4), or with plasmids encoding V5-tagged SARS CoV-2 PLP-TM (lanes 2 and 4)
and with an empty V5-tagged vector. Cell lysates were collected and immunoprecipitated with antibodies
against Myc, followed by immunodetection with antibodies against V5. Immunoblot analysis of input was
conducted as indicated. (D) HEK-293T cells were transfected with plasmids encoding Flag-tagged pro-IL-1β
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(lanes 3 and 4), or with plasmids encoding V5-tagged SARS CoV-2 PLP-TM (lanes 2 and 4) and with an
empty V5-tagged vector. Cell lysates were collected and immunoprecipitated with antibodies against Myc,
followed by immunodetection with antibodies against V5. Immunoblot analysis of input was conducted as
indicated.

FIGURE 6 SARS-CoV-2 PLP interrupts the oligomerization of ASC.(A) HEK-293T cells were
co-transfected with Myc-tagged NLRP3, pro-caspase-1, ASC, and Flag-tagged pro-IL-1β. Cell lysates were
collected for immunoblotting analysis of ASC oligomerization. (B) THP-1 macrophages stably express-
ing Flag-tagged SARS-CoV-2 PLP-TM or control vector were pretreated with 1ug/ml LPS followed with
10μmol/L nigericin for 1.5h. Cell lysates were collected for immunoblotting analysis of ASC oligomerization.

FIGURE 7 SARS-CoV-2 PLP decreases the K63- and K48-linked ubiquitination of ASC. (A)
Immunoblot analysis of lysates from HEK-293T cells transfected with Myc-tagged NLRP3, Flag-tagged ubiq-
uitin (Flag-Ub), and V5-tagged SARS-CoV-2 PLP-TM, followed by immunoprecipitation with antibodies
against Flag and immunodetection with antibodies against Myc. Immunoblotting of input was detected
as indicated. (B) Immunoblot analysis of lysates from HEK-293T cells transfected with HA-tagged ASC,
Flag-tagged ubiquitin (Flag-Ub), and V5-tagged SARS-CoV-2 PLP-TM, followed by immunoprecipitation
with antibodies against Flag and immunodetection with antibodies against HA. Immunoblotting of input
was detected as indicated. (C) Immunoblot analysis of lysates from HEK-293T cells transfected with Myc-
tagged pro-caspase-1, Flag-tagged ubiquitin (Flag-Ub), and V5-tagged SARS-CoV-2 PLP-TM, followed by
immunoprecipitation with antibodies against Flag and immunodetection with antibodies against Myc. Im-
munoblotting of input was detected as indicated. (D) Immunoblot analysis of lysates from HEK-293T cells
transfected with Flag-tagged ASC, HA-tagged K63-linked ubiquitin, and V5-tagged SARS-CoV-2 PLP-TM,
followed by immunoprecipitation with antibodies against Flag and immunodetection with antibodies against
HA. Immunoblotting of input was detected as indicated. (E) Immunoblot analysis of lysates from HEK-293T
cells transfected with Flag-tagged ASC, HA-tagged K48-linked ubiquitin, and V5-tagged SARS-CoV-2 PLP-
TM, followed by immunoprecipitation with antibodies against Flag and immunodetection with antibodies
against HA. Immunoblotting of input was detected as indicated. * Non-specific band

FIGURE 8 The hypothetical model describing the mechanisms by which SARS-CoV-2 PLP
negatively regulates NLPL3 inflammasome immune pathway and pyroptosis. SARS-CoV-2 PLP-
TM interacts with ASC and reduces the K48- and K63-linked ubiquitination of ASC, which decreases the
oligomerization of ASC. As a result, SARS-CoV-2 PLP-TM might block IL-1β maturation, and inhibit the
activation of GSDMD. Finally, the release of IL-1β is reduced.

FIGURE S1 Identification and annotation of monocytes, dendritic cells, and natural killer
(NK) cells from PBMCs of the COVID-19 patients and healthy controls. (A) UMAP representa-
tion of identified monocytes, dendritic cells, and NK cells, with every cell colored according to its cell type.
(B) UMAP plots show the information of cells’ sample origin. Every cell was depicted in a specific color to
indicate its original sample information. (C) UMAP projection of the expression levels of canonical mark-
ers of CD14+ monocytes (LYZ+CD14+), CD16+monocytes (LYZ+FCGR3A+), monocyte-derived dendritic
cells (CD1C+), plasmacytoid dendritic cells (LILRA4+), and NK cells (KLRF1+).

FIGURE S2 The construction of SARS-CoV-2 PLP-TM expressing component. The PLP-
TM encoding nucleotide sequence (aa1564-2394 in pp1ab) of SARS-CoV-2 Wuhan-Hu-1 (GenBank accession
number NC 045512.2) was synthesized after codon optimization and cloned into pcDNA3.1-V5/HisB plasmid
between BamHI and EcoRI.

ΦΙΓΥΡΕ Σ3 ΣΑΡΣ-ὃ῞-2 ΠΛΠ ινηιβιτς τηε εξπρεσσιον οφ ςασπασε-1 (π20) ανδ ματυ-

ρατιον οφ ΙΛ-1β (π17) ιν ΒΕΑΣ-2Β ςελλς. BEAS-2B cells were transfected with V5-vector or
V5-SARS-CoV-2 PLP-TM for 24h and stimulated with 1ug/ml LPS for 12h plus 10μmol/L nigericin for
1.5h. Cell lysates were collected for Western blotting.

FIGURE S4 LPS plus nigericin did not induce pyroptosis of BEAS-2B cells significantly. (A)
BEAS-2B cells were stimulated with 1ug/ml LPS for 12h plus 10μmol/L nigericin for 3h, 2.5h, 2h, 1.5h, 1h,
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and 0.5h. Cell lysates were collected for the detection of GSDMD and GSDMD-N. (B) BEAS-2B cells were
transfected with V5-vector or V5-SARS-CoV-2 PLP-TM for 24h and stimulated with 1ug/ml LPS for 12h
plus 10μmol/L nigericin for 1.5h. Cell death was examined by LDH release assay in supernatants.

Student’s t -test was used and data were shown as means ± SD of three technical replicates. NS, non-
significant.

FIGURE S5 SARS-CoV-2 PLP interrupts the oligomerization of ASC in BEAS-2B cells. BEAS-
2B cells were transfected with V5-vector or V5-SARS-CoV-2 PLP-TM for 24h and stimulated with 1ug/ml
LPS for 12h plus 10μmol/L nigericin for 1.5h. Cell lysates were collected for the detection of ASC oligomer-
ization.
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