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SUMMARY

Severe fever with thrombocytopenia syndrome
(SFTS) virus (SFTSV) is an emerging tick-borne virus
that carries a high fatality rate of 12%–50%. In-depth
understanding of the SFTSV-induced pathogenesis
mechanism is critical for developing effective anti-
SFTS therapeutics. Here, we report transcriptomic
analysis of blood samples from SFTS patients. We
observe a strong correlation between inflammatory
responses and disease progression and fatal
outcome. Quantitative proteomic analysis of SFTSV
infection confirms the induction of inflammation
and further reveals virus-induced mitochondrial
dysfunction. Mechanistically, SFTSV infection trig-
gers BCL2 antagonist/killer 1 (BAK) upregulation
and BAK/BCL2-associated X (BAX) activation, lead-
ing to mitochondrial DNA (mtDNA) oxidization and
subsequent cytosolic release. The cytosolic mtDNA
binds and triggers NLRP3 inflammasome activation.
Notably, the BAK expression level correlates with
SFTS disease progression and fatal outcome. These
findings provide insights into the clinical features
and molecular underpinnings of severe SFTS, which
may aid in patient care and therapeutic design, and
may also be conserved during infection by other
highly pathogenic viruses.

INTRODUCTION

Tick-borne infectious diseases are a growing threat to public

health on a global level (Paules et al., 2018). Severe fever with
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thrombocytopenia syndrome (SFTS) is an emerging tick-borne

infectious disease caused by the banyangvirus (SFTS virus

[SFTSV]) (Yu et al., 2011). SFTSV is a negative stranded RNA

virus with segmented genomes and belongs to the family

Phenuiviridae of the order Bunyavirales. The viral disease can

cause severe clinical symptoms, including hemorrhagic fever,

encephalitis, and multiple organ failure, with a fatality rate of

12%–50% (Kim et al., 2013; Li et al., 2018; Takahashi et al.,

2014; Yu et al., 2011). The virus was first isolated in China in

2010 and then found spreading in South Korea and Japan and

very recently in Vietnam (Kim et al., 2013; Li et al., 2018; Takaha-

shi et al., 2014; Tran et al., 2019; Yu et al., 2011). The main reser-

voir and vector of SFTSV is Haemaphysalis longicornis tick,

which has established a wide geographic distribution in the

Australasian and Western Pacific Regions (Luo et al., 2015;

Zhuang et al., 2018). Recently, this tick species was reported

to be spreading in seven states and a suburb of New York City

in the United States (Rainey et al., 2018), raising the possibility

of potential SFTSV transmission in North America. Understand-

ing the pathogenesis mechanism of SFTS is critical for devel-

oping effective anti-SFTS therapeutic strategies.

Inflammatory response is a key component of innate immunity

and can pose an anti-viral effect against certain viruses

(Chen and Ichinohe, 2015). On the other hand, excessive inflam-

mation responses triggered by virus infection can result in severe

immunopathology and fatal infection outcome (Culshaw et al.,

2017; Shin et al., 2016). Maturation and secretion of the cytokine

interleukin-1 beta (IL-1b) elicits a strong pro-inflammatory

response and is mediated by a cytoplasmic multi-protein

complex named as inflammasome (Gross et al., 2011). Inflam-

masomes are composed of a pattern recognition receptor

(PRR) as the sensor of stimuli, an adaptor protein, in many cases,

the apoptosis-associated speck-like protein containing a

caspase-recruitment domain (ASC), and the cysteine protease
rs.
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caspase-1 (He et al., 2016). Depending on the PRR, the inflam-

masomes are named as nucleotide-binding and oligomerization

domain (NOD)-like receptors (NLRs; NLRP1, NLRP3, NLRC4),

Pyrin, and absent in melanoma 2 (AIM2) inflammasomes

(Lamkanfi and Dixit, 2014; Man and Kanneganti, 2015; Place

and Kanneganti, 2018), of which NLRP3 inflammasome activa-

tion is reported to be associated with infection by a number of

viruses (Chen and Ichinohe, 2015). A panel of different stimuli

have been reported to activate NLRP3 inflammasome, including

K+ efflux, Ca2+ influx, mitochondrial reactive oxygen species

(mtROS), etc. (He et al., 2016). However, none of these stimuli

directly interact with NLRP3, and the mechanism of NLRP3

activation still remains elusive (Latz et al., 2013).

Mitochondria are ubiquitous eukaryotic organelles that func-

tion in multiple cellular processes (Shadel and Horvath, 2015).

Recently, mitochondrion is proposed to play a key role in orches-

trating innate immunity regulation mediating multiple immune

signaling complexes assembly and/or directly triggering innate

immune responses through mitochondrial constituents (Dhir

et al., 2018; Mills et al., 2017; Zhong et al., 2018). The mitochon-

drial DNA (mtDNA) has several characteristics, such as its

relative hypomethylation, unique structural features, and height-

ened susceptibility to oxidative damage, that make it a potent

endogenous damage-associated molecular pattern and can

activate innate sensors to trigger type I interferon (IFN) re-

sponses (West and Shadel, 2017). mtDNA is also being increas-

ingly recognized as an agonist of the inflammasome and can

potently trigger NLRP3 inflammatory responses (Shimada

et al., 2012; West and Shadel, 2017; Zhou et al., 2011). Recently,

mtDNA released into the cytosol was proposed to be the ‘‘ulti-

mate’’ trigger of NLRP3 inflammasome under several ‘‘priming’’

and ‘‘activation’’ conditions (Shimada et al., 2012). Whether

virus infection employs a similar mechanism to trigger NLRP3

activation has not been reported before.

In this study, in order to investigate the pathogenesis mech-

anism of SFTSV infection, we performed transcriptomic

analysis of blood samples isolated from SFTS patients and

quantitative proteomic analysis of SFTSV-infected cells. The in-

tegrated omics analysis showed that inflammatory responses

displayed a strong correlation with disease progression and

fatal outcome, and further revealed that SFTSV-induced

mitochondrial dysfunction may be associated with inflamma-

tion induction. Further mechanistic investigation revealed that

SFTSV infection induced mtDNA oxidation and release into

the cytosol. The cytosolic mtDNA binds and activates the

NLRP3 inflammasome, resulting in disease-associated inflam-

mation responses. These findings revealed the mechanism of

SFTSV-induced mtDNA-triggered NLRP3 inflammasome acti-

vation and may help development of anti-SFTS therapeutic

strategies.

RESULTS

Integrated Transcriptomic and Proteomic Analyses
Revealed Disease-Associated Inflammation Responses
during SFTSV Infection
To investigate the pathogenesis mechanisms of SFTSV infec-

tion, we performed transcriptomic analysis with blood samples
collected from SFTS patients. Patients were divided into three

groups based on their clinical status: ‘‘Recover,’’ SFTS patients

during convalescence who have recovered from acute virus

infection (n = 19); ‘‘Acute. Recover,’’ SFTS patients during acute

virus infection and who eventually recovered from the disease

(n = 22); and ‘‘Acute. Deceased,’’ SFTS patients during

acute virus infection and who eventually died of SFTSV infection

(n = 17). The group of healthy controls is composed of donors

who have not experienced SFTSV infection (n = 23) (Figure S1A).

In total, 81 peripheral blood samples from 40 SFTS patients and

23 healthy donors were collected, transcriptomic analysis

was performed with these blood samples (Figure S1B), and

differentially regulated genes relative to healthy control were

summarized (Figures S1C and S1D). t-Distributed stochastic

neighbor embedding (t-SNE) (van der Maaten and Hinton,

2008) analysis showed that the targeted transcriptomic profiles

distinguished patients undergoing acute SFTSV infection from

SFTS patients who have recovered from the acute infection

and healthy controls (Figure 1A). The groups of ‘‘Acute. Recover’’

and ‘‘Acute. Deceased’’ are also separable but are relatively

clustered because both groups were analyzed during the

stage of acute infection. Gene ontology (GO) analysis showed

that the most strongly regulated biological groups are related

to ‘‘inflammatory response,’’ ‘‘innate immune response,’’ ‘‘com-

plement activation,’’ ‘‘receptor-mediated endocytosis,’’ and

‘‘cell division’’ (Figure 1B). Among these biological groups, the

groups of ‘‘inflammatory response’’ and ‘‘innate immune

response’’ are more differently regulated when comparing the

recover and the two acute infection patient groups (Figure 1C),

indicating that these two groups are more strongly regulated

during acute SFTSV infection. To identify factors contributing

to SFTS fatal infection outcome, we analyzed the differentially

regulated genes between these two acute infection patient

groups, and the inflammation-related genes are the most differ-

ently regulated between these two patient groups (Figure 1D).

These results indicated a potential role of virus-induced inflam-

matory response in SFTS fatality.

To corroborate the transcriptomic analysis and investigate

the molecular mechanism of SFTSV-induced inflammation, we

performed quantitative proteomic analysis of SFTSV infection

in THP-1 cell, which is an inflammatory cell model that is widely

used to study virus-induced inflammation (Negash et al., 2013;

Wang et al., 2018). Replication kinetics analysis showed that

SFTSV can productively infect THP-1 cells, and virus replication

peaked at 48 h postinfection (p.i.) (Figure S2A). THP-1 cells

were then infected with SFTSV at an MOI of 1 or were mock in-

fected, and at 24, 48, and 72 h p.i., total proteins were extracted

and quantified with iTRAQ-based quantitative proteomic anal-

ysis (Figure S2B). t-SNE analysis showed clear separation of

samples collected at these three time points (Figure 1E). In total,

4,928 host proteins were identified, among which 147, 756, and

493 proteins were identified as being differentially regulated at

24, 48, and 72 h p.i., respectively (p < 0.05) (Figure S2C). Regu-

lation of protein abundance indicated by the mass spectrometry

(MS)-based quantification was verified by western blot analysis

of selected candidates (Figure S2D, upper panels: upregulation;

lower panels: downregulation). GO analysis showed that,

consistent with the transcriptomic analysis, the ‘‘inflammatory
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Figure 1. Transcriptomic and Proteomic

Analyses Reveal the Activation of Inflamma-

tion by SFTSV

(A–D) Transcriptomic analysis of whole blood iso-

lated from four groups of patients: Healthy control,

Recover, Acute. Recover, and Acute. Deceased.

(A) t-Distributed stochastic neighbor embedding

(t-SNE) plot of transcriptomic data on four groups.

(B) Heatmap profiling expression of SFTSV-regu-

lated genes in the top 5 enriched terms presented

by gene ontology (GO) analysis.

(C) Number of differentially regulated mRNAs (hits)

in the top 5 enriched terms in (B).

(D) GO analysis of differentially regulated genes

between Acute. Recover and Acute. Deceased.

(E) t-SNE plot of proteomic data on three time

points.

(F) Heatmap profiling of SFTSV-regulated proteins

expression in the top 5 enriched terms presented

by GO analysis.

(G) Cytokine levels in the sera of patients and

healthy controls. Comparison of mean values was

analyzed by Student’s t test. *p < 0.05; **p < 0.01.

(H) The correlation between viral load and cytokine

levels in the sera of general SFTS patients. R2 was

evaluated by Pearson’s analysis.

See also Figures S1 and S2.
response’’ is among the most regulated protein groups (Fig-

ure 1F). The other regulated groups are ‘‘type I interferon

signaling pathway,’’ ‘‘apoptotic process,’’ ‘‘mitochondrial inner

membrane,’’ and ‘‘lysosome’’ (Figure 1F).

Because both transcriptomic and proteomic analyses re-

vealed potent inflammatory responses triggered by SFTSV

infection, we next analyzed the potential correlation between

SFTSV-induced inflammatory responses and disease progres-

sion. To this aim, serum samples were collected from healthy

donors and SFTS patients, and the levels of inflammatory

cytokines IL-1b, IL-6, IL-10, and tumor necrosis factor alpha
4372 Cell Reports 30, 4370–4385, March 31, 2020
(TNF-a) were quantitated. The serum

samples from SFTS patients were

collected during hospital admission, and

patients were categorized into the group

of ‘‘survival,’’ representing those who

recovered from the disease in the end,

and ‘‘fatal,’’ representing those who died

of severe infection. The levels of these

four cytokines were significantly higher

in survival SFTS patients than in the

healthy controls (Figure 1G). Furthermore,

the levels of IL-1b, IL-6, and TNF-a were

significantly higher in SFTS patients who

died of severe infection than those pa-

tients who recovered from the disease.

The viral load in the patient serum was

also determined, and the level of IL-1b

and IL-6 significantly correlated with the

viral load (Figure 1H). These results

together supported a correlation between
virus-triggered inflammatory responses and disease progres-

sion and fatal outcome in SFTS patients.

SFTSV Infection Induces IL-1b Maturation and Release
in Multiple Cell Models
To investigate the molecular mechanism of SFTSV-induced

inflammation activation, we analyzed whether SFTSV infection

can trigger inflammatory responses in several inflammatory cell

models. First, human peripheral blood mononuclear cells

(PBMCs) were prepared from healthy donors and infected

with SFTSV. SFTSV infection of PBMCs led to upregulation of



Figure 2. SFTSV Infection Stimulates IL-1b Production and Secretion

(A–C) PBMCs isolated from healthy donors were treated with LPS and nigericin, or infected with SFTSV with indicated time.

(A) Intracellular mRNA levels of IL-1b were measured with quantitative RT-PCR (qRT-PCR).

(B) Intracellular levels of pro-IL-1b were determined by western blot.

(C) Mature IL-1b levels in the supernatants were determined by ELISA.

(D–F) PBMCs were treated with LPS and nigericin, or infected with SFTSV with indicated MOI. Intracellular mRNA levels of IL-1b (D), intracellular levels of pro-IL-

1b (E), mature IL-1b levels in the supernatants (F) were determined as above.

(G–I) MDMs were treated with LPS and nigericin or infected with SFTSV. IL-1b and GAPDHmRNAs (G), intracellular pro-IL-1b (H), and mature IL-1b levels in the

supernatants (I) were determined as above.

(legend continued on next page)
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pro-IL-1b both at the mRNA and the protein level (Figures 2A

and 2B). ELISA analysis showed that SFTSV infection triggered

IL-1b maturation and release in infected PBMCs (Figure 2C).

When different MOIs were applied for virus infection, SFTSV

infection triggered IL-1b maturation and release in a dose-

dependent manner (Figures 2D–2F). Next, PBMCs were sepa-

rated into monocyte and lymphocyte, and were analyzed

for susceptibility of SFTSV infection. Monocyte is the main

target cell in PBMCs (Figure S3A) and SFTSV induced IL-1b pro-

duction in infected monocytes (Figures S3B–S3G), but not in

lymphocytes (Figures S3H–S3J). We then prepared monocyte-

derived macrophages (MDMs) from the purified monocytes

and infected the MDMs with SFTSV. SFTSV infection of MDMs

induced IL-1bmaturation and release in a virus dose-dependent

manner (Figures 2G–2I). Similar with human primary monocyte

and MDMs, SFTSV infection of THP-1 cell, a human monocytic

cell line, induced IL-1b production and maturation in a virus

dose-dependent manner (Figures S4A–S4F). Finally, phorbol-

12-myristate-13-acetate (PMA)-differentiated THP-1 macro-

phages (THP-1PMA), a cell model of human macrophage, were

tested. Similar with the above tested cell types, SFTSV infection

of THP-1PMA cells led to increased pro-IL-1b expression (Figures

2J and 2K) and triggered IL-1b maturation and release (Fig-

ure 2L). SFTSV infection of THP-1PMA cells also resulted in a

dose-dependent activation of IL-1b (Figures 2M–2O). Other

inflammatory factors, such as IL-6 and TNF-a, were analyzed

in SFTSV-infected THP-1PMA cells, and these factors were

upregulated similarly with IL-1b during SFTSV infection (Figures

S4G–S4L). UV inactivation abolished SFTSV-induced IL-1b

maturation and release in these cell types (Figure S5). Collec-

tively, these results showed that SFTSV infection can induce

inflammation activation in both SFTS patients and multiple in-

flammatory cell models.

SFTSV Infection Triggers the NF-kB Pathway through
the TLR8-MyD88 Axis
Inflammation induction undergoes the ‘‘priming’’ and ‘‘activa-

tion’’ events of which the ‘‘priming’’ event stimulates upre-

gulation of pro-IL-1b through the nuclear factor kB (NF-kB)

pathway (Gross et al., 2011). Proteomic analysis of SFTSV-

infected cells revealed strong NF-kB activation (Figure 3A).

To analyze whether the SFTSV-induced pro-IL-1b upregulation

is dependent on NF-kB activation, we added the NF-kB inhibi-

tor, MLN120B, during SFTSV infection of THP-1PMA cells.

MLN120B treatment strongly inhibited induction of pro-IL-1b

both at the mRNA and the protein level (Figures 3B and 3C),

confirming that SFTSV induced pro-IL-1b upregulation through

NF-kB activation. To determine how SFTSV activates the

NF-kB pathway, we assessed the requirement for known

signaling adaptor proteins in the activation of pro-IL-1b expres-

sion. The requirement formitochondrial antiviral signaling protein

(MAVS, also known as VISA, IPS-1, or Cardif) ormyeloid differen-
(J–L) THP-1PMA cells were treated with LPS and nigericin or infected with SFTS

intracellular pro-IL-1b (K), and mature IL-1b in the supernatants (L) were determi

(M–O) THP-1PMA cells were treated with LPS and nigericin or infected with SFTS

intracellular pro-IL-1b (N), and mature IL-1b in the supernatants (O) were determ

See also Figures S3–S5.
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tiation primary response gene 88 (MyD88) for IL-1b expression

was first analyzed. Knockdown of MyD88 potently abolished

pro-IL-1b induction during SFTSV infection (Figures 3D and

3E). Also, ELISA analysis showed that IL-1b maturation and

release induced by SFTSV infection were severely inhibited in

MyD88-depleted cells (Figure 3F). In contrast, depletion of

MAVS did not affect SFTSV-induced pro-IL-1b upregulation or

IL-1b maturation and release (Figures 3D–3F). These results

suggest that MyD88 plays a pivotal role in SFTSV-induced

NF-kB activation, which is consistent with a recent study

(Yamada et al., 2018).

It was recently reported that SFTSV enters cells through endo-

cytosis (Liu et al., 2019). The role of MyD88 in mediating NF-kB

activation during SFTSV infection suggests that the sensing

event may happen in the endosome during virus entry. Consis-

tent with early sensing during virus entry, the IL-1b mRNA level

peaked at 2 h p.i. in SFTSV-infected cells (Figure S6A). The li-

gands of MyD88 in the endosome are Toll-like receptor 7

(TLR7) or TLR8, and both ligands recognize single-stranded

RNA of invading pathogens (Majer et al., 2017). To identify the

potential ligand recognizing viral RNA (vRNA), TLR7 or TLR8

was depleted in THP-1 through stable expression of short hairpin

RNAs (shRNA) (Figures S6B and S6C). TLR8 depletion did not

affect viral replication (Figure 3H; Figure S6D), but the expression

of pro-IL-1b was significantly reduced (Figures 3G and 3H)

concomitantly with reduced IL-1b maturation and release (Fig-

ure 3I). TLR7 depletion also significantly inhibited SFTSV-

induced IL-1bmaturation and release (Figures S6E–S6H). Unex-

pectedly, TLR7 depletion strongly inhibited SFTSV replication

(Figures S6E and S6G), and therefore the reduced IL-1b

induction could be because of reduced viral entry/replication.

Notably, even though TLR7 depletion significantly inhibited

SFTSV replication, the inhibition of IL-1b processing and release

(Figure S6F) was less pronounced than in the TLR8-depleted

cells, indicating that TLR8 plays a more important role in

SFTSV-induced NF-kB activation. Taken together, these results

suggest that the viral RNA triggers NF-kB pathway activation

through the TLR8-MyD88 axis during virus entry.

SFTSV Infection Triggers the NLRP3 Inflammasome
Activation
After the ‘‘priming’’ event, inflammasomes are activated and

trigger proteolytic cleavage of dormant procaspase-1 into active

caspase-1 to convert the precursor pro-IL-1b into mature and

biologically active IL-1b (He et al., 2016). To determine the in-

flammasome mediating SFTSV-triggered IL-1b maturation and

release, the caspase-1 activity was first assessed in SFTSV-in-

fected cells. SFTSV infection of THP-1PMA cells resulted in

enhanced caspase-1 activity in an MOI-dependent manner

(Figures 4A and 4B), indicating the involvement of caspase-1.

Detection of caspase-1 maturation fragment (P20) confirmed

activation of caspase-1 during SFTSV infection (Figure S7A).
V with indicated time. Intracellular mRNA of IL-1b (J), P17 in supernatants or

ned as above.

V with indicated MOI. Intracellular mRNA of IL-1b (M), P17 in supernatants or

ined as above. Data shown are means ± SD.



Figure 3. SFTSV Stimulates IL-1b Production through the Activation of the TLR8-MyD88-NF-kB Signaling Pathway

(A) Radar plot of the expression of proteins involved in ‘‘positive regulation of NF-kB transcription factor activity’’ at 24, 48, and 72 h p.i.

(B andC) THP-1PMA cells were pre-treatedwithMLN120B and infected with SFTSV. Intracellular mRNA levels of IL-1b andGAPDHweremeasured with qRT-PCR

(B). Intracellular pro-IL-1b was determined by western blot (C).

(D–F) THP-1PMA cells stably expressing non-targeting shRNA (control) or specific shRNAs weremock treated or infected with SFTSV. Intracellular mRNA levels of

IL-1b (D), P17 levels in the supernatants or pro-IL-1b levels in lysates (E), or IL-1b levels in the supernatants (F) were determined as above.

(G–I) THP-1PMA cells stably expressing non-targeting shRNA (control) or specific shRNAs against TLR8 were mock treated or infected with SFTSV. Intracellular

mRNA levels of IL-1b (G), P17 levels in supernatants or pro-IL-1b levels in lysates (H), and IL-1b levels in supernatants (I) were determined as above.

Comparison of mean values (B, G, and I) between two groups was analyzed by Student’s t test. Data shown are means ± SD. **p < 0.01; ***p < 0.001. See also

Figure S6.
UV inactivation abolished SFTSV replication, caspase-1 matura-

tion, and IL-1b release (Figure S7B). Treatment with VX-765, a

caspase-1-specific inhibitor, reduced IL-1b maturation and

release in lipopolysaccharide (LPS)- and nigericin-treated cells

(Figures 4C and 4D), and also in SFTSV-infected cells (Figures

4E and 4F). Notably, the virus induced pro-IL-1b upregulation

or viral infection was unaffected by VX-765 treatment (Fig-

ure 4E; Figure S7C). These results confirmed that SFTSV replica-

tion-induced inflammation activation depends on caspase-1

activity. ASC is an inflammasome adaptor protein, and its oligo-
merization is an indicator of inflammasome activation (Lamkanfi

and Dixit, 2014). To analyze whether SFTSV infection induced

ASC oligomerization, we infected THP-1PMA cells with SFTSV,

and the cell pellet was harvested and cross-linked as previously

described (He et al., 2018; Wang et al., 2018). Oligomerization

of ASC was observed in the cell pellet of LPS- and nigericin-

treated cells, as well as in SFTSV-infected cells, but not in

mock-infected cells (Figure 4G), confirming the involvement of

ASC oligomerization in the formation of the SFTSV-activated

inflammasome.
Cell Reports 30, 4370–4385, March 31, 2020 4375



Figure 4. The Role of NLRP3 Inflammasome in IL-1b Secretion Induced by SFTSV Infection

(A and B) THP-1PMA cells were treated with LPS and nigericin or infected with SFTSV with indicated time (A) and MOI (B). Caspase-1 activity in lysates was

determined.

(C and D) THP-1PMA cells were treatedwith caspase-1 inhibitor VX-765 followed by LPS and nigericin treatment. (C) P17 in supernatants or pro-IL-1b in lysatewas

determined by western blot. (D) IL-1b levels in supernatants were determined by ELISA.

(E and F) THP-1PMA cells were treated with VX-765 followed by SFTSV infection (MOI = 10). P17 in supernatants or pro-IL-1b in lysate (E) and IL-1b levels in

supernatants (F) were determined as above.

(G) THP-1PMA cells were treated with LPS and nigericin or infected with SFTSV at an MOI of 10 for 48 h. ASC oligomerization was determined by western blot.

(H and I) THP-1PMA cells stably expressing non-targeting shRNA (control) or specific shRNAs were treated with LPS and nigericin. P17 in supernatants or pro-IL-

1b in lysates (H) and IL-1b levels in supernatants (I) were determined as above.

(J and K) THP-1PMA cells stably expressing non-targeting shRNA or specific shRNAs were infected with SFTSV at an MOI of 10. P17 in supernatants or pro-IL-1b

in lysates (J) and IL-1b levels in supernatants (K) were determined as above.

(L and M) THP-1PMA cells were pre-treated with NLRP3 inhibitor MCC950 followed by LPS and nigericin treatment. P17 in supernatants or pro-IL-1b in lysates (L)

and IL-1b levels in supernatants (M) were determined as above.

(N andO) THP-1PMA cells were pre-treatedwithMCC950 followed by SFTSV infection (MOI = 10). P17 in supernatants or pro-IL-1b in lysates (N) and IL-1b levels in

supernatants (O) were determined as above.

Comparison of mean values (D, F, I, K, M, and O) between two groups was analyzed by Student’s t test. Data shown are means ± SD. **p < 0.01; ***p < 0.001. See

also Figure S7.
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NLRP3 inflammasome was reported to be associated with

inflammation responses triggered by several RNA viruses

(Chen and Ichinohe, 2015); therefore, we analyzed its potential

role in SFTSV-induced inflammation. NLRP3, caspase-1, and

ASC were depleted in THP-1 cells, respectively, and western

blot analysis confirmed the silencing of these genes (Figure 4H).

Next, differentiated macrophages from these cells were treated

with LPS and nigericin, or infected with SFTSV followed by anal-

ysis of IL-1b maturation and release. Whereas treatment with

LPS and nigericin induced potent IL-1b maturation and release

in control cells, depletion of these proteins strongly impaired

IL-1b maturation and release as previously reported (Figures

4H and 4I; Wang et al., 2018). SFTSV infection of control cells

also induced potent IL-1b maturation and release (Figures 4J

and 4K). Depletion of NLRP3, ASC, or caspase-1 did not reduce

SFTSV infection or induction of pro-IL-1b expression (Figure 4J;

Figure S7D). However, IL-1b maturation and release were abol-

ished in these cells, indicating involvement of NLRP3 inflamma-

some in SFTSV-induced inflammatory responses (Figures 4J

and 4K). Treatment with MCC950, a potent NLRP3-specific in-

hibitor, significantly inhibited IL-1b maturation and release in

THP-1PMA cells treated with LPS and nigericin (Figures 4L and

4M) or infected by SFTSV without affecting SFTSV-induced

pro-IL-1b upregulation or viral infection (Figures 4N and 4O; Fig-

ure S7E). Taken together, these results suggest that SFTSV

infection induced NLRP3 inflammasome activation to trigger

IL-1b maturation and release.

SFTSV Infection Induces Mitochondrial Damage and
mtROS Production
Multiple different stimuli trigger NLRP3 inflammasome activa-

tion, and it was recently proposed that these different stimuli

trigger NLRP3 inflammasome activation through inducing mito-

chondrial dysfunction (He et al., 2016). Comparison of the tran-

scriptomic and proteomic analyses showed consistent regula-

tion of multiple pathways, including inflammation response,

type I IFN signaling pathway, cell adhesion, etc. However,

different regulation of mitochondrial proteins in these two ana-

lyses was observed: while transcriptomic analysis revealed up-

regulation of mRNAs of mitochondrial proteins, proteomic anal-

ysis showed downregulation of the majority of mitochondrial

proteins in SFTSV-infected cells (Figures 5A and 5B), indicating

mitochondrial dysfunction during SFTSV infection. Western

blot analysis of representative mitochondrial proteins confirmed

the reduction of protein abundance (Figure S2D, lower panel).

We therefore assessed whether SFTSV infection led to mito-

chondrial dysfunction. mtROS production and/or loss of mito-

chondrial membrane potential is associated with mitochondrial

dysfunction (Shadel and Horvath, 2015), and we first analyzed

whether SFTSV infection can lead to mtROS production. THP-

1PMA cells were infected with SFTSV with an increasing amount

of viral dose and stained withMitoSOX, an indicator dye for high-

ly selective detection of superoxide in the mitochondria (Lai

et al., 2018). Nigericin treatment was included as the positive

control (Chung et al., 2018). SFTSV infection induced mtROS

production in infected cells in a dose-dependent manner, and

UV inactivation abolished SFTSV-induced mtROS production

(Figure 5C). Next, the mitochondrial membrane potential (Dcm)
was measured by tetramethyl rhodamine methyl ester (TMRM)

incorporation assay (Shimada et al., 2012). THP-1PMA cells

were infected with an increasing amount of viral dose, and treat-

ment with carbonyl cyanide 3-chlorophenylhydrazone (CCCP)

was included as the positive control as previously described

(Soutar et al., 2019). As shown in Figures 5D and 5E, Dcm was

reduced in SFTSV-infected THP-1PMA cells in an MOI-depen-

dent manner, whereas UV inactivation prevented SFTSV-

inducedDcm reduction (Figure 5F). Taken together, these results

showed that SFTSV infection induced mtROS production and

loss of mitochondrial membrane potential.

SFTSV Infection Induces mtDNA Release to Trigger
NLRP3 Inflammasome Activation
Mitochondrial dysfunction is often associated with mtDNA

oxidization and release into the cytosol, and the releasedmtDNA

can stimulate NLRP3 inflammasome activation (He et al., 2016;

Shimada et al., 2012; Zhong et al., 2018). We therefore analyzed

whether SFTSV infection induced mtDNA release into the

cytosol. First, the amount of total intracellular mtDNA was

measured in SFTSV-infected or control THP-1PMA cells, and

SFTSV infection did not affect the amount of total mtDNA (Fig-

ure 6A). Next, the cytosolic extracts were prepared from

SFTSV-infected and mock cells, and the separation of cytosolic

fragmentation was verified (Figure S9A). Quantification analysis

of cytosolic mtDNA revealed a significant increase of cytosolic

mtDNA in the SFTSV-infected cells compared with the mock

control (Figure 6A), suggesting that SFTSV infection induced

release of mtDNA into the cytosol. SFTSV infection of primary

human monocytes also resulted in cytosolic mtDNA release

(Figure 6B).

To address whether the released cytosolic mtDNA was bound

with NLRP3, we performed co-immunoprecipitation analysis

with NLRP3 antibody and quantified the amount of associated

mtDNA with quantitative PCR (qPCR) analysis. 5-Bromo-20-de-
oxyuridine (BrdU) was added to SFTSV-infected or mock cells

for detection of mtDNA as previously described (Shimada

et al., 2012; Zhong et al., 2018). Dot blot analysis with BrdU anti-

body revealed the association between mtDNA and NLRP3 in

LPS- and nigericin-treated or SFTSV-infected cells, but not

in mock-infected cells (Figure 6C). qPCR analysis confirmed

the significantly enhanced association between mtDNA and

NLRP3 in SFTSV-infected cells compared with the mock control

(Figure 6D). Next, we analyzed whether mtDNA colocalized with

NLRP3 inflammasome in infected cells. Staining with NLRP3

antibody showed a largely diffusive distribution of NLRP3 in

mock cells but revealed speck-like NLRP3 structures in infected

cells, indicating formation of NLRP3 inflammasome (Figure S8A).

We also used 5-ethynyl-20-deoxyuridine (EdU) to label mtDNA

and analyzed its cellular localization in SFTSV-infected cells.

EdU is another thymidine analog that can be incorporated into

newly synthesized DNA and is more amenable for fluorescence

microscopy analysis (Salic and Mitchison, 2008). EdU has

been successfully used to label mtDNA to study its association

with inflammasome (Zhong et al., 2018). Cytoplasmic EdU sig-

nals representing mtDNA displayed distinct co-localization

with NLRP3 specks in SFTSV-infected cells, whereas in mock

cells, no co-localization between mtDNA signal and NLRP3
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Figure 5. SFTSV Infection Induced Mito-

chondrial Damage

(A) Comparative transcriptomic and proteomic

analyses reveal downregulation of mitochondrial

proteins during SFTSV infection. Selected biolog-

ical processes regulated by SFTSV infection are

displayed. Results from both transcriptomic and

proteomic analyses were shown for each gene

(indicated by the box). For each gene, the three

upper boxes contain proteomics data from three

time points, and the three lower boxes contain

patient transcriptomic data. Red: upregulation;

green: downregulation.

(B) Intracellular levels of mitochondrial proteins in

SFTSV-infected cells at 48 h p.i. GO analysis

based on cellular component grouped mitochon-

drial proteins into five categories (denoted to the

left of the panel). Relative intracellular levels of

mitochondrial proteins were determined by

quantitative proteomic. Red: upregulated; green:

downregulated.

(C) THP-1PMA cells were treated with nigericin, in-

fected with SFTSV, or inoculated with UV-in-

activated SFTSV. Intracellular mtROS was stained

with MitoSOX (red). Scale bars represent 50 mm.

(D–F) THP-1PMA cells were infected with SFTSV

with indicated MOI and time (D), treated with

CCCP (E), or inoculated with UV-inactivated

SFTSV for 48 h (F). Changes in DJm were

measured by staining cells with the TMRM probe.

Comparison of mean values (D–F) between two

groups was analyzed by Student’s t test. Data

shown are means ± SD. *p < 0.05; ***p < 0.001. BF,

bright field; ns, no significance. See also Figure S2.
was detected (Figure 6E). These results confirmed the associa-

tion between mtDNA and NLRP3 inflammasome induced by

SFTSV infection.

It was recently reported that the oxidized form of mtDNA

(ox-mtDNA) is a more potent trigger of NLRP3 activation (Shi-

mada et al., 2012). SFTSV infection induced mtROS production,

suggesting that the released mtDNA might be in the oxidized

form to trigger NLRP3 activation. To analyze this, THP-1PMA cells

infected with SFTSV were lysed and subjected to co-immuno-

precipitation with NLRP3 antibody. Precipitated samples were

probed with antibody against 8-hydroxy-guanosine (8-OH-dG),

which can be used to detect oxidized DNA (Shimada et al.,

2012; Zhong et al., 2018). Dot blot analysis with 8-OH-dG

antibody showed that the mtDNA precipitated by NLRP3

antibody in LPS- and nigericin-treated or SFTSV-infected cells
4378 Cell Reports 30, 4370–4385, March 31, 2020
was present in the oxidized form (Fig-

ure 6F). Next, the SFTSV-infected or

mock-treated THP-1PMA was labeled

with 8-OH-dG antibody and analyzed

with immunofluorescence microscopy.

Labeling with 8-OH-dG antibody revealed

more distinct 8-OH-dG punctate signals

in the cytoplasm of SFTSV-infected cells,

but showed only weak and irregular sig-

nals in control cells (Figure S8B). Further-
more, SFTSV-infected or mock cells were probed with 8-OH-dG

and NLRP3 antibodies, and a distinct co-localization between

punctate ox-mtDNA signal and NLRP3 speck was observed in

the cytoplasm of SFTSV-infected cells, but not in mock cells

(Figure 6G; Figures S8C and S8D). This suggests that the cyto-

plasmic ox-mtDNA binds NLRP3 inflammasome in SFTSV-in-

fected cells.

To further verify the role of mtDNA in activation of NLRP3 in-

flammasome during SFTSV infection, we treated THP-1 cells

with ethidium bromide (EtBr), which results in mtDNA depletion

and is often used to study the role of mtDNA in regulation of

innate immunity (Dang et al., 2017; Rongvaux et al., 2014).

EtBr treatment led to significant reduction of total intracellular

mtDNA compared with the control treatment (Figure S9B).

Also, the amount of cytosolic mtDNA in SFTSV-infected cells



Figure 6. SFTSV-Induced mtDNA Release Triggers NLRP3 Inflammasome Activation

(A and B) THP-1PMA cells (A) or primary human monocytes (B) infected with SFTSV (MOI = 10) for 24 h were collected, and total or cytosolic DNA was extracted.

Total or cytosolic mtDNA levels were determined with qPCR.

(C) THP-1PMA cells were pre-loaded with BrdU, treated with LPS and nigericin, or infected with SFTSV at an MOI of 10 for 24 h. Cell lysates were collected and

immunoprecipitated with anti-NLRP3 Ab, then detected by dot blots probed with anti-BrdU Ab.

(D) mtDNA bound to NLRP3 was determined via immunoprecipitation of NLRP3 followed by qPCR analysis of mtDNA.

(E) EdU-labeled THP-1PMA cells were co-stained for NLRP3, EdU, and DAPI at 24 h postinfection (MOI = 10). Box shows co-localization of EdU and NLRP3

signals. Scale bars represent 5 mm.

(F) THP-1PMA cells were treatedwith LPS and nigericin or infected with SFTSV as above. Cell lysates were collected and immunoprecipitated with anti-NLRP3 Ab,

then dot blotted with anti-8-OH-dG Ab.

(G) THP-1PMA cells were co-stained for NLRP3, 8-OH-dG, and DAPI at 24 h after SFTSV infection. Arrow indicates co-localization of 8-OH-dG andNLRP3 signals.

Scale bars represent 5 mm.

(H and I) THP-1PMA cells were pre-treated with EtBr and then mock treated or infected with SFTSV (MOI = 10). P17 in supernatants or pro-IL-1b in lysates was

determined by western blot (H). IL-1b levels in supernatants were determined by ELISA (I).

(J and K) THP-1PMA cells stably expressing non-targeting shRNA (control) or specific shRNAs were mock treated or infected with SFTSV. P17 in supernatants or

pro-IL-1b in lysates (J) and IL-1b levels in supernatants (K) were determined as above.

Comparison of mean values (A, B, D, I, and K) between two groups was analyzed by Student’s t test. Data shown are means ± SD. **p < 0.01; ***p < 0.001; ns, no

significance. See also Figures S8–S10.
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was significantly reduced in EtBr-treated cells compared with

control cells (Figure S9C). Compared with the control-treated

cells, SFTSV-induced IL-1b maturation and release were signifi-

cantly reduced in EtBr-treated cells as revealed by both western

blot and ELISA analyses, whereas pro-IL-1b upregulation and

viral replication were unaffected (Figures 6H and 6I; Figure S9D).

Depletion of mtDNA in THP-1 cells was also attempted through

knockdown of DNA polymerase gamma (POLG), which is the

mitochondrion DNA polymerase responsible for mtDNA synthe-

sis (Krasich and Copeland, 2017). POLG depletion (Figure S9E)

led to significant reduction of total mtDNA (Figure S9F) and

also reduced the amount of mtDNA released into the cytosol

upon SFTSV infection (Figure S9G). Similar with EtBr-treated

cells, SFTSV-induced IL-1b maturation and release were signifi-

cantly reduced in POLG-depleted cells, whereas pro-IL-1b in-

duction or viral replication was unaffected (Figures 6J and 6K;

Figure S9H). To analyze whether oxidization of mtDNA is impor-

tant for SFTSV-induced NLRP3 inflammasome activation, we

added Mito-TEMPO, a specific scavenger of mitochondrial su-

peroxide to reduce mtDNA oxidization (Lai et al., 2018), during

SFTSV infection. Addition of Mito-TEMPO reduced SFTSV-

induced IL-1b maturation and release in a dose-dependent

manner (Figures S9I and S9J). Furthermore, addition of 8-OH-

dG, which can complete the interaction between ox_mtDNA

and NLRP3 (Shimada et al., 2012), also resulted in reduced

IL-1b maturation and release during SFTSV infection (Figures

S9K and S9L). These results together suggest that SFTSV

infection leads to mtDNA oxidization and release, and the cyto-

solic ox-mtDNA binds and triggers NLRP3 inflammasome

activation.

SFTSV-Induced mtDNA Release Is an Upstream Event of
NLRP3 Inflammasome Activation
It is debatable whether mtDNA release is an upstream event trig-

gering NLRP3 inflammasome activation or, instead, NLRP3 in-

flammasome activation leads to mtDNA release (He et al.,

2016). To delineate this in the context of SFTSV infection, we

added the NLRP3-specific inhibitor MCC950 during SFTSV

infection and analyzed the mtDNA release and IL-1bmaturation.

Although addition of MCC950 strongly blocked SFTSV-induced

NLRP3 inflammasome activation, the amount of mtDNA

released into the cytosol was comparable between MCC950-

treated and control cells (Figures S10A and S10B). MCC950

treatment also did not affect the amount of total cellular mtDNA

(Figure S10C). Release of mtDNA was further analyzed in

NLRP3-depleted cells. Whereas NLRP3 depletion inhibited

IL-1b maturation and release triggered by SFTSV infection

(Figure S10D), virus infection-induced mtDNA release was com-

parable with the control cells (Figure S10E). Also, NLRP3 deple-

tion did not affect the amount of total cellular mtDNA (Fig-

ure S10F). These results together suggested that the SFTSV

infection-induced mtDNA release is an upstream event that

precedes NLRP3 inflammasome activation.

SFTSV-Induced BAK/BAX Activation Facilitates mtDNA
Release
We next investigated the mechanism of SFTSV-induced mtDNA

release. Proteomic analysis showed that although the majority
4380 Cell Reports 30, 4370–4385, March 31, 2020
of mitochondrial proteins were downregulated during SFTSV

infection, the mitochondrial protein BCL2 antagonist/killer 1

(BAK) was significantly upregulated (Figure 7A). Both qPCR

and western blot analysis confirmed BAK upregulation in

SFTSV-infected THP-1PMA (Figures 7B and 7C). BAK together

with BCL2-associated X (BAX) mediate mitochondrial outer

membrane permeabilization (MOMP) (Galluzzi and Vanpouille-

Box, 2018), which may lead to mitochondrial inner membrane

herniation into the cytosol followed by mtDNA release (McArthur

et al., 2018; Riley et al., 2018). A downstream event of BAK/BAX

activation is the release of cytochrome c into the cytosol (Galluzzi

and Vanpouille-Box, 2018). To analyze whether SFTSV infection

induces BAK/BAX activation, we prepared cytosolic fractions of

SFTSV-infected or control THP-1PMA and analyzed the amount

of cytosolic cytochrome c. Compared with the mock cell, the

amount of cytosolic cytochrome cwas higher in SFTSV-infected

cells, indicating that SFTSV induced BAK/BAX activation (Fig-

ure 7D). We therefore examined whether BAK/BAX mediated

mtDNA release during SFTSV infection. BAK or BAX depletion

(Figures S11A and S11D) significantly reduced the amount of

mtDNA released into the cytosol upon SFTSV infection (Figures

7E and 7H), but did not affect the amount of total cellular

mtDNA (Figures S11B and S11E). Depletion of BAK or BAX

did not affect virus replication or virus-induced pro-IL-1b

production (Figures 7F and 7I; Figures S11C and S11F) but

significantly reduced SFTSV-induced IL-1b maturation and

release (Figures 7G and 7J). To further investigate whether upre-

gulation of BAK led to BAK/BAX activation, we transfected

HEK293T cells with an increasing amount of BAK expression

plasmid and analyzed cytosolic mtDNA and cytochrome c

release. Overexpression of BAK led to an increased amount of

cytosolic cytochrome c and mtDNA release (Figures S11G–

S11J), indicating BAK/BAX activation. These results together

suggested that SFTSV infection-induced mtDNA release is

dependent on BAK/BAX activation.

BAK Expression Level Correlates with SFTS Disease
Progression and Fatal Outcome
Results from the transcriptomic analysis showed significant

upregulation of BAK in SFTS patients compared with healthy

controls, and the fatal SFTS patients had the highest BAK

expression level (Figure 7K). Comparing virus titer in the acute

infection stage of patients showed that the virus titer in fatal pa-

tients is higher than that in patients who eventually recovered

from SFTSV infection (Figure 7L), consistent with SFTSV replica-

tion-induced BAK upregulation. To verify the potential correla-

tion between BAK upregulation and fatal outcome, we collected

blood samples from SFTS patients on different days during

hospitalization and determined the BAK expression level. The

SFTS patients were categorized into the group of ‘‘survival’’ or

‘‘fatal’’ according to their final clinical outcome. The patients

who died of fatal infection (n = 5, red lines) showed significantly

higher levels of BAK expression compared with patients who

survived the SFTSV infection (n = 10, black lines) throughout

the period of hospitalization (Figure 7M). Furthermore, both

groups of SFTS patients showed higher levels of BAK expression

compared with the healthy controls (n = 10, mean value, dashed

line, Figure 7M). These results indicated that the BAK expression



(legend on next page)
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level is correlated with SFTS disease progression and fatal

outcome.

SFTSV-Induced Inflammatory Response Is Associated
with Fatal Infection in Mouse Model
Finally, the potential correlation between virus-induced inflam-

matory response and fatal outcome was analyzed in a lethal

SFTSV mouse model (Lazear et al., 2016). C57BL/6 mice were

treated with anti-IFNAR1 (interferon alpha/beta receptor 1)

immunoglobulin G (IgG) and then challenged intraperitoneally

with SFTSV. At 1 h p.i., mice were intraperitoneally injected

with caspase-1 inhibitor (Ac-YVAD-cmk) (n = 8) or equal volume

of DMSO (n = 7). Mice treated with DMEM and Ac-YVAD-cmk

(n = 5) were included as the negative control. Ac-YVAD-cmk or

DMSO was administered on a daily basis for 5 days, and the

mice were monitored for 12 days. For detection of IL-1b, mice

were similarly infected with SFTSV with or without Ac-YVAD-

cmk treatment and at 5 days p.i., spleen samples were collected

from mice treated with Ac-YVAD-cmk (n = 4) or DMSO (n = 3),

and the IL-1b was detected by ELISA and immunohistochem-

istry staining. Mice treated with DMEM and Ac-YVAD-cmk

(n = 3) were included as the negative control. SFTSV infection

of anti-IFNAR1 IgG-treated mice led to a fatality rate of 42.9%,

whereas Ac-YVAD-cmk treatment reduced production of IL-1b

in the spleen (Figures 7O and 7P) and rescued the SFTSV-

induced fatality (p < 0.05; Figure 7N). These results supported

the notion that SFTSV replication-triggered inflammatory

response is associated with fatal infection outcome.

DISCUSSION

Mitochondrion plays a critical role in innate immunity regulation

through functioning as a signaling platform and/or exposing
Figure 7. SFTSV Infection Induces mtDNA Release through BAK/BAX

(A) Intracellular BAK level in SFTSV-infected cells at 24 or 48 h p.i. determined b

(B and C) THP-1PMA cells were infected with SFTSV (MOI = 10) for indicated time.

lysates were determined by western blot (C).

(D) Mock-treated or SFTSV-infected (MOI = 10 for 24 h) THP-1PMA cells were su

pellets (Pel), or cytosolic extracts (Cyt) were blotted with indicated Abs. Band int

(E–G) THP-1PMA cells stably expressing non-targeting shRNA or shRNAs against

(E) Cytosolic mtDNA levels were quantified with qPCR.

(F) P17 in supernatants or pro-IL-1b in lysates was determined by western blot.

(G) IL-1b levels in supernatants were determined by ELISA.

(H–J) THP-1PMA cells stably expressing non-targeting shRNA or shRNAs against

levels (H), P17 in supernatants or pro-IL-1b in lysates (I), IL-1b levels in supernat

(K) Relative mRNA levels of BAK in four groups of patients quantified by transcri

(L) Viral load in the serum of SFTS patients and healthy donors was quantified by q

(M) The comparison ofBAKmRNA level between 5 fatal and 10 surviving SFTS cas

and relative intracellular level of BAKmRNA was determined by qRT-PCR. Red: fa

value of BAK mRNA from healthy donors. The Ct value of BAK was normalized t

(N) The effect of caspase-1 inhibitor on SFTSV-induced fatality in mice. C57BL/6

SFTSV and treated with DMSO or Ac-YVAD-cmk by intraperitoneal injection. Th

parison of survival curves between anti-IFNAR1 SFTSV and anti-IFNAR1 SFTSV

(O and P) The effect of caspase-1 inhibitor on SFTSV-induced IL-1b productio

intraperitoneally inoculated with SFTSV and treated with DMSO or Ac-YVAD-cmk

included as the negative control. Spleen samples were collected on 5 days p.i. (dp

(O) or were processed for IL-1b levels determination with ELISA analysis (P). Sca

Comparison of mean values (A, E, G, H, J–M, and P) between two groups was an

***p < 0.001; ****p < 0.0001; ns, no significance. See also Figure S11.
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immune stimulatory mitochondrial damage-associated molecu-

lar patterns such as mtDNA (Dhir et al., 2018; Kanneganti

et al., 2015). Here we show that SFTSV infection induces

mtDNA release to bind and trigger NLRP3 inflammasome activa-

tion leading to disease-associated inflammatory responses.

Recently, it was reported that newmtDNA synthesis is necessary

for the production of oxidized mtDNA for NLRP3 inflammasome

activation in the model of LPS-primed murine macrophages

(Zhong et al., 2018). Notably, SFTSV infection of macrophages

did not lead to significant synthesis of new mtDNA, but oxidized

mtDNA was released into the cytosol and activated NLRP3

inflammasome. This suggests that oxidization of mtDNA can still

occur in the absence of new mtDNA synthesis, and release of

the oxidized mtDNA is the critical event in NLRP3 inflammation

activation, at least in the context of SFTSV infection. This would

also suggest that blocking mtDNA release could be a potential

target for developing anti-inflammation therapeutic strategies

against SFTSV infection.

The mechanism of mtDNA release is a topic under intense

investigation, and recent studies suggested that BAK/BAX

activation plays a pivotal role during this event (Galluzzi and

Vanpouille-Box, 2018; McArthur et al., 2018; Riley et al.,

2018). SFTSV-induced mtDNA release also depends on BAK/

BAX because depletion of BAK or BAX significantly inhibited

SFTSV-induced mtDNA release and concomitantly reduced

IL-1b maturation and release. Upon activation, BAK/BAX form

oligomers and mediate macropore formation on the mitochon-

drial outer membrane, resulting in mitochondrial inner mem-

brane herniation into the cytosol and subsequently mtDNA

release (McArthur et al., 2018; Riley et al., 2018). Transcriptomic

analysis of samples from SFTS patients showed that virus

infection led to pronounced BAK upregulation, and a correlation

between BAK expression level and disease severity and fatality
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y MS.

Relative mRNA levels of BAK were measured with qRT-PCR (B). BAK levels in

bjected to digitonin (25 mg/mL) fractionation, and whole-cell extracts (WCE),

ensity of cytochrome c was determined by ImageJ.

BAK were mock treated or infected with SFTSV (MOI = 10).

BAX were mock treated or infected with SFTSV (MOI = 10). Cytosolic mtDNA

ants (J) were determined as above.

ptomic analysis.

RT-PCR with the specific primers against the SFTSV NP (nucleoprotein) RNA.

es. Whole blood cells from 5 fatal and 10 surviving SFTS cases were collected,

tal SFTS cases; black: surviving SFTS cases; dashed line: cycle threshold (Ct)

o ACTB.

mice pretreated with anti-IFNAR1 IgG were intraperitoneally inoculated with

e mice were monitored for 12 days, and survival rates were evaluated. Com-

Ac-YVAD-cmk was analyzed by log rank (Mantel-Cox) test. *p < 0.05.

n in the mouse spleen. C57BL/6 mice pretreated with anti-IFNAR1 IgG were

by intraperitoneal injection. Mice treated with DMEM and Ac-YVAD-cmk were

i) andwere either fixed and stained with antibodies against IL-1b and SFTSVNP

le bars represent 50 mm.

alyzed by Student’s t test. Data shown are means ± SD. *p < 0.05; **p < 0.01;



was observed. It is tempting to speculate that the SFTSV-

induced upregulation of BAK facilitates BAK/BAX activation,

which results in mitochondrial inner membrane herniation into

the cytosol. After being exposed into the cytosol, the compro-

mised mitochondrial inner membrane, due to the downregula-

tion of mitochondrial inner membrane proteins, allowed release

of mtDNA into the cytosol, which triggers NLRP3 inflamma-

some activation. The mechanism of SFTSV-induced mitochon-

drial inner membrane protein downregulation and whether

BAK can be employed as a biomarker for predicting SFTS dis-

ease progression would be interesting questions for further

investigation.

The downstream event of BAK/BAX activation is the release of

cytochrome c into the cytosol, which was observed in SFTSV-in-

fected cells. Cytosolic cytochrome c drives the assembly of the

so-called apoptosome, which leads to activation of caspase-9

and executioner caspase-3, resulting in cell apoptosis (Galluzzi

and Vanpouille-Box, 2018). However, SFTSV infection did not

induce strong apoptosis as indicated by Cell Counting Kit-8

(CCK-8) and lactate dehydrogenase (LDH) assay (Figures

S11K and S11L). Our proteomic analysis revealed that several

proteins with reported anti-apoptosis functions, such as

SOD2, BCL3, CD74, FAM129B, etc., were upregulated during

SFTSV infection, indicating a certain anti-apoptosis effect

induced by the virus infection. It can be speculated that, in the

absence of cell apoptosis, SFTSV-infected cells can induce

enduring inflammatory responses leading to the SFTS-associ-

ated immunopathology.

Severe liver damage is a common symptom in SFTS pa-

tients, especially in fatal cases, and it was proposed that liver

damage may play a central role in the pathogenesis of SFTSV

infection (Hiraki et al., 2014; Liu et al., 2014; Sun et al., 2015).

Inflammation is a major contributor to the pathogenesis of

most acute and chronic liver damage (Szabo and Petrasek,

2015). Inflammatory responses mediated by liver macro-

phages, known as Kupffer cells, are reported to be the critical

factor of inflammation-associated liver damage during HCV

infection (Negash et al., 2013). SFTSV can productively infect

macrophages inducing pronounced NLRP3 inflammatory re-

sponses. Additionally, other types of liver cells, including liver

epithelial cells, are susceptible for SFTSV infection (Sun et al.,

2015). It is possible that SFTSV infection of both hepatic cells

and intrahepatic macrophages may synergistically result in

strong liver damage, resulting in disease progression and even-

tually fatal outcome.

This study demonstrates that virus infection can trigger

mtDNA release into the cytosol to activate the NLRP3 inflamma-

tory responses. Considering the proposed mechanism that mul-

tiple stimuli trigger NLRP3 inflammasome activation through

inducing cytosolic mtDNA release, it would be interesting to

investigate whether other viruses, particularly those viruses

that are known to cause severe inflammation-associated im-

mune pathology such as influenza virus, also induce mtDNA

release to trigger disease-associated NLRP3 inflammatory re-

sponses. Also, whether BAK/BAX activation-mediated mtDNA

release is a common mechanism during virus infection could

be investigated for other viruses. Such investigation should

help to develop anti-inflammation strategies targeting the
mechanism of mtDNA release to counteract severe immunopa-

thology induced by a highly pathogenic virus.
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infected adults
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Trizol Thermo Fisher Cat# 15596018

Lipofectamine 2000 Thermo fisher Cat# 11668019
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EasySepTM Direct Human Total Lymphocyte

Isolation Kit
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NEB Next Ultra RNA Library Prep Kit New England Biolabs Cat# E7335

NEBNext Poly (A) mRNAMagnetic IsolationModule kit New England Biolabs Cat# E7490

KAPA Library Quantification kit KAPA Biosystems Cat# KK4824

iTRAQ reagents SCIEX Cat# 4352135

FastPure Cell/Tissue Total RNA Isolation Mini Kit Vazyme Cat# RC101-01

HiScript II One Step qRT-PCR SYBR Green Kit Vazyme Cat# Q221-01

Immobilon ECL Ultra Western HRP Substrate Millipore Cat# WBULS0500

Human IL-1b ELISA Set II BD Biosciences Cat# 557953

Caspase 1 Activity Assay Kit Beyotime Cat# C1102

DNeasy Blood &Tissue Kit QIAGEN Cat# 69506

TB Green� Premix Ex Taq II Takara Cat# RR820A

Pierce Classic Magnetic IP/Co-IP Kit Thermo Fisher Scientific Cat# 88804

Click-iT EdU-Alexa Fluor 647 Imaging Kit Life Technologies Cat# C10340

Cell Counting kit-8 (CCK-8) Dojindo Molecular Technologies Cat# CK04

LDH Cytotoxicity Assay Kit Beyotime Cat# C0016

Mouse IL-1b ELISA Kit Abcam Cat# ab197742

Deposited Data

RNA-sequencing data GEO GSE144358

Proteomics data ProteomeXchange PXD017224

Experimental Models: Cell Lines

Monkey: Vero cells ATCC Cat# CCL81

Human: THP-1 cells ATCC Cat# TIB-202

Human: HEK293T cells ATCC Cat# CRL-11268

Experimental Models: Organisms/Strains

Mouse: C57BL/6 Charles River N/A

Oligonucleotides

Primer:BAK1 Forward: GAGGAATTCA

TGGCTTCGGGGCAAGGC

This paper N/A

Primer:BAK1 Reverse: CGCGGATCCTCAT

GATTTGAAGAATCTTCGTACC

This paper N/A

Software and Algorithms

GraphPad Prism version 6 GraphPad Software https://www.graphpad.com/

Snapgene Viewer Snapgene https://www.snapgene.com/

t-SNE van der Maaten and Hinton, 2008 http://lvdmaaten.github.io/tsne/

DAVID v6.8 Huang da et al., 2009 https://david.ncifcrf.gov/

FastQC v0.11.5 Gdula et al., 2019 https://www.bioinformatics.babraham.
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HISAT2 v2.0.5 Kim et al., 2019 https://daehwankimlab.github.io/hisat2/

StringTie v1.3.3b Pertea et al., 2015 https://ccb.jhu.edu/software/stringtie/

DESeq v1.28.0 Amezquita et al., 2020 http://bioconductor.org/packages/

release/bioc/html/DESeq.html

ImageJ NIH, Univ. of Wisc. Madison https://imagej.nih.gov/ij/
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Ke

Peng (pengke@wh.iov.cn).

All shRNAs and sgRNAs generated in this study are available from the Lead Contact without restriction.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Vero cells and HEK293T cells were obtained from American Type Culture Collection (ATCC) and maintained in Dulbecco’s modified

Eagle’s medium (DMEM; GIBCO) supplemented with 10% fetal bovine serum (FBS; GIBCO) and 1% antibiotics (GIBCO) at 37�C in

a humidified atmosphere of 5% CO2. THP-1 cells were obtained from ATCC, and cultured in RPMI-1640 medium containing 10%

FBS and antibiotics at 37�C in a humidified atmosphere of 5% CO2.

Human primary cells
Heparinized peripheral bloodwas collected from healthy volunteers.Written informed consent was obtained from all subjects and the

research was approved by the responsible ethics committee (Ethics committee of Wuhan Institute of Virology, Chinese Academy of

Sciences). Peripheral blood mononuclear cells (PBMCs) were obtained by density gradient centrifugation using Ficoll-Paque plus

(followed manufacturers’ protocol). After isolation, PBMCs were cultured in RPMI 1640 medium (Thermo Fisher Scientific) supple-

mented with 10% heat inactivated FBS at 37�C. For preparation of monocyte-derived macrophages (MDMs), PBMCs were isolated

as described above, and seeded in RPMI 1640 medium supplemented with 10% heat inactivated FBS overnight at 37�C. Non-
adherent cells were removed and adherent monocytes were washed, followed by cultivation in RPMI 1640 containing 10% heat

inactivated FBS and 10% human AB serum (Sigma Aldrich, St. Louis, USA) at 37�C for 7 days to differentiate into macrophages.

Monocyte and lymphocytewere isolatedwith EasySepTMHumanMonocyte Isolation Kit (19359, STEMCELL Technologies, Vancou-

ver, Canada) and EasySepTM Direct Human Total Lymphocyte Isolation Kit (19655, STEMCELL Technologies, Vancouver, Canada)

according to manufacturer’s instructions.

Patients and samples
A case-control study was performed at the People’s Liberation Army 154 hospital, the designated hospital for SFTS in Xinyang

City, Henan Province, China, to identify differentially expressed genes in SFTSV infection. Adult patients who were admitted to

the hospital from May to August 2016 and confirmed to be infected with SFTSV according to the guidelines released by China Min-

istry of Health were recruited in the current study. Patients with tumor, tuberculosis, diabetes, or other infections (i.e., hepatitis virus,

dengue virus, Rickettsia, and Borrelia), were excluded. The research protocol was approved by the human ethics committee of

the hospital in accordance with the medical research regulations of China, and all participants provided written informed consent

to have their samples and information collected.

Data about demography, clinical features, laboratory data, and outcome, were retrospectively collected. For the patients who dis-

continued therapy or had been discharged from hospital because of adverse clinical progression, we made follow-up visits within

two weeks of discharge by phone call or home visiting to determine their final outcome (death or survival). The recruited cases

had their peripheral blood samples collected using the PAXgene Blood RNA tube (BD Biosciences) at the acute phase of illness

when admitted to the hospital and at the convalescent phase when discharged from the hospital.

Mice
Five-week-old female C57BL/6 mice purchased from Charles River Laboratories (Beijing, China) were kept in an environmentally

controlled specific-pathogen-free (SPF) animal facility in the Laboratory Animal Center of Academy of Military Medical Sciences

(Beijing, China). Animal experiment was approved by the Institutional Animal Care and Use Committee and was performed in accor-

dance with the National Institutes of Health guidelines under protocols.
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Viruses
The SFTSV isolate HBMC16 (GenBank: KY440775.1, KY440776.1 and KY440777.1) isolated byWuhan Institute of Virology, Chinese

Academy of Sciences (Wuhan, Hubei, China) was propagated in Vero cells and used in this study. Viral titer was determined by focus-

forming assay on Vero cells. Briefly, confluent monolayers were incubated with 10-fold dilutions of virus for 1 hour, then culture me-

dium was replaced by DMEM containing 2% serum and supplemented with 1.1% carboxymethyl-cellulose. Foci were visualized by

two-step immunostaining with an antibody against viral protein NP and an anti-rabbit horseradish peroxidase-conjugated secondary

antibody (Proteintech). Virus was inactivated by exposing to ultraviolet (UV) light for 3 hours, and the inactivation was confirmed by

focus-forming assay on Vero cells.

METHOD DETAILS

Cell differentiation
THP-1 cells were differentiated into macrophages by treatment with 40 ng/mL of PMA for 24 hours at 37�C, and cells were cultured

without PMA for 24 hours.

RNA isolation, cDNA library preparation and sequencing
Whole blood cells were collected and total RNA was extracted with Trizol (Tiangen, Beijing) and assessed with Agilent 2100

BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA) and Qubit Fluorometer (Invitrogen). Total RNA samples that meet the

following requirements were used in subsequent experiments: RNA integrity number (RIN) > 7.0 and a 28S:18S ratio > 1.8.RNA-

seq libraries were generated and sequenced by CapitalBio Technology (Beijing, China). The triplicate samples of all assays were con-

structed an independent library, and do the following sequencing and analysis. The NEB Next Ultra RNA Library Prep Kit for Illumina

(NEB) was used to construct the libraries for sequencing. NEB Next Poly (A) mRNAMagnetic Isolation Module kit was used to enrich

the poly (A) tailed mRNA molecules from 1 mg total RNA. The mRNA was fragmented into �200 base pair pieces. The first-strand

cDNA was synthesized from the mRNA fragments reverse transcriptase and random hexamer primers, and then the second-strand

cDNAwas synthesized using DNA polymerase I and RNaseH. The end of the cDNA fragment was subjected to an end repair process

that included the addition of a single ‘‘A’’ base, followed by ligation of the adapters. Products were purified and enriched by polymer-

ase chain reaction (PCR) to amplify the library DNA. The final libraries were quantified using KAPA Library Quantification kit (KAPA

Biosystems, South Africa) and an Agilent 2100 Bioanalyzer. After quantitative reverse transcription-PCR validation, libraries were

subjected to paired-end sequencing with pair end 150-base pair reading length on an Illumina HiSeq sequencer (Illumina).

Data analysis of RNA-seq
The genome of human genome version of hg19 was used as reference. The sequencing quality were assessed with FastQC (v0.11.5)

(Gdula et al., 2019) and then low quality data were filtered using NGSQC (v2.3.3) (Mendoza-Parra et al., 2013).The clean reads were

then aligned to the reference genome using HISAT2 (v2.0.5) (Kim et al., 2019) with default parameters. The processed reads from

each sample were aligned using HISAT2 against the reference genome. The gene expression analyses were performedwith StringTie

(v1.3.3b) (Pertea et al., 2015). DESeq (v1.28.0) (Amezquita et al., 2020) was used to analyze the DEGs between samples. Thousands

of independent statistical hypothesis testing was conducted onDEGs, separately. Then a p value was obtained, whichwas corrected

by FDR method. And Corrected P value (q-value) was calculated by correcting using BH method. P value or q value were used to

conduct significance analysis. Parameters for classifying significantly DEGs are e2-fold differences (|log2FC| R 1, FC: the fold

change of expressions) in the transcript abundance and p < 0.05.

Quantitative proteomic analysis
THP-1 cells were infected with SFTSV at anMOI of 1 or mock infected. At 24, 48, 72 hours p.i., cells were harvested and total proteins

were extracted. Extracted proteins were reduced with DTT, alkylated with iodoacetomide, and digested with trypsin. The digested

peptides were desalted with a SepPak C18 cartridge (Waters). For iTRAQ labeling, 100 mg of peptides from SFTSV- or mock-infected

cells was labeled with different iTRAQ reagents (SCIEX) according to manufacturer’s instructions, and then were mixed at the ratio

of 1 and desalted. The mixed peptides were fractionated using strong cation exchange. Fractionated peptides were subjected to

LC-MS/MS analysis on a quadrupole-time of flight LC/MS/MS mass spectrometer (TripleTOF 5600+, SCIEX) equipped with a

nanospray source. For MS/MS analysis, each scan cycle consisted of one full-scan mass spectrum followed by 20 MS/MS events.

Mass spectra were extracted by Peakview v2.0 (SCIEX).

Mass spectra were submitted to ProteinPilot v5.0.1 (SCIEX) to perform protein identification and quantification. Search parameters

were as follows: Sample Type: iTRAQ 8plex (Peptide labeled); Cysteine Alkylation: Iodoacetamide; Digestion: Trypsin; Fixed

modification: carbamidomethyl Cys; Variable modification: none; Instrument: TripleTOF 5600. The false discovery rate (FDR) was

set as lower than 1% at the protein level, and only peptides with confidence score > 95% were used.

Protein ratio in each replicate was calculated from the weighted average ratios of its peptides. The protein ratio values used for

bioinformatics analysis were the weighted averages of the six replicates (three independent biological replicates and two technical

replicates in each independent biological replicate), while the p value for protein ratio was calculated and further corrected with

multiple Bonferroni correction. The Gaussian distribution of protein ratios was analyzed, and value deviating from the mean of the
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normally distributed data by 1.96 standard deviations was considered as cutoff value. Only proteins with 1) ratios > upregulated

or < downregulated cutoff values; 2) corrected p value for protein ratio < 0.05 was considered as be differentially regulated.

Gene ontology (GO) analysis
To perform GO analysis, differentially regulated proteins were submitted to DAVID (Huang da et al., 2009) (https://david.ncifcrf.gov/).

Proteins were classified into different categories, and a statistical over-representation test was performed. P values were assessed

with a binomial test and corrected for multiple testing using a Bonferroni procedure. Only categories with a p value < 0.05 were

considered as over- or under- represented.

Knockdown and knockout
Knockdown of MAVS, MyD88, TLR7, TLR8, NLRP3, ASC, Caspase1, POLG, BAK or BAX was done by lentiviral transduction of

THP-1 cells. Knockout of TLR7 was accomplished by transduction of THP-1 cells with lentiviruses expressing Cas9 and specific

sgRNAs targeting TLR7. Sequences of targeting shRNAs (from Sigma shRNA Mission library) and sgRNAs used in this study are

available upon request.

RNA isolation and quantitative RT-PCR
Total RNA was extracted with FastPure Cell/Tissue Total RNA Isolation Mini Kit (Vazyme, China) following the manufacturer’s

instructions. Quantitative RT-PCR was performed using the HiScript II One Step qRT-PCR SYBR Green Kit (Vazyme, China). Primer

sequences are available upon request.

Western blot analysis
Cells treated as indicated were lysed with buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% NP40, 5 mM EDTA, and 10% glycerol).

Cell lysates was subjected to 12%–15% SDS-polyacrylamide gel electrophoresis (PAGE) and then transferred to polyvinylidene

difluoride (PVDF) membranes (Millipore). Proteins were further incubated with the indicated primary antibodies and then horseradish

peroxidase-conjugated secondary antibodies. Protein bands were detected by an enhanced chemiluminescence (ECL) kit (Millipore)

using a Chemiluminescence Analyzer (Chemiscope600pro).

Measurement of cytokine level
IL1b, IL6, IL10, and TNF-a levels in serum samples were measured by immunoassay with Luminex xMAP technology (Luminex,

Austin, TX, USA). Tests were performed according to the manufacturer’s recommendations and the results were recorded as

pg/ml. Data were acquired using Luminex 200 system and these cytokine levels were quantified using a logistic regression curve

derived from the reference standards supplied by the manufacturer. The concentrations of IL-1b in culture supernatants were

measured by the ELISA Kit (BD Biosciences, San Jose, CA, USA) according to the manufacturer’s protocol.

Measurements of caspase-1 activity
THP-1PMA cells were treated with LPS and Nigericin or infected with SFTSV. Caspase-1 activity in lysates was detected by commer-

cial assay kits (Caspase 1 Activity Assay Kit) according to the manufacturer’s instructions. The infected cells were lysed and

centrifuged at 16,000 3 g for 15 min at 4�C. The supernatants were collected and incubated with Ac-YVAD-pNA for 2 hours at

37�C in dark. The absorbance values were measured by a microplate reader at a wavelength of 405 nm. The caspase-1 activity

was calculated by the standard curve of pNA. The results are presented as relative activity of caspase-1 of the mock group.

ASC oligomerization detection
THP-1PMA cells treated as indicated were lysed in ice-cold buffer containing 50 mM Tris, pH 7.5, 150 mM NaCl, 1% NP40, 5 mM

EDTA, and 10% glycerol. The cell lysates were then centrifuged at 6000 3 g for 15 min at 4�C, and the supernatants were mixed

with SDS loading buffer for western blotting analyses using indicated antibodies. The pellets were washed and cross-linked with

fresh DSS (4 mM) (Sigma-Aldrich, St. Louis, MO, USA) at 37�C for 30 min. The cross-linked samples were centrifuged and mixed

with SDS loading buffer for western blotting analysis using an antibody against ASC.

Total and cytosolic DNA extraction
The total and cytosolic DNA extraction was performed as described previously (West et al., 2015). Cells treated as indicated were

divided into two equal aliquots. One aliquot, serve as normalization control, was subjected to total DNA extraction using DNeasy

Blood &Tissue Kit (QIAGEN, Germany). The other aliquot was re-suspended in digitonin fractionation buffer (150 mM NaCl,

50 mM HEPES pH 7.4, 25 mg/ml digitonin). The samples were rotated for 10 min at 4�C and then centrifuged at 980 3 g for 3 min

three times to remove cellular debris. The cytosolic supernatants were then transferred to fresh tubes and spun at 17,000 3 g for

10min to remove remaining cellular debris. The cytosolic DNAwas then extracted by DNeasy Blood &Tissue Kit (QIAGEN, Germany).
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Quantification of mtDNA
To quantify mtDNA level, extracted DNA was subjected to quantitative PCR with TB Green� Premix Ex Taq II (Takara, Japan). The

levels of total mtDNA were calculated as mtDNA normalized to nGAPDH. To measure cytosolic mtDNA, 20 ng of a purified plasmid

encoding eGFP gene was added to the eluted solution as described previously (Aguirre et al., 2017). The relative content of cytosolic

mtDNA was normalized to eGFP. The relative content of cytosolic versus total mtDNA was calculated.

Immunoprecipitation
THP-1PMA cells were preloaded with BrdU (10 mM, Sigma) for 48 hours and treated as indicated. The cells were collected and

washed twice with PBS. Immunoprecipitation was performed using the Pierce Classic Magnetic IP/Co-IP Kit (Thermo Fisher Scien-

tific) according to manufacturer’s protocols. In brief, cells were lysed and incubated with rabbit anti-NLRP3 antibody (CST), rotated

overnight at 4�C. Subsequently, magnetic beads were added and incubated with lysates on a rotator for 1 hour at RT. After washing,

the associated fractions were eluted from the beads. For detection of BrdU and 8-OH-dG, eluted fractions were dot-blotted and UV

cross-linked to a nitrocellulose membrane. Immunoblotting was performed using anti-BrdU monoclonal antibody (Sigma) or anti-

8OH-dGmonoclonal antibody (Santa Cruz). DNA precipitation was extracted and detected by quantitative RT-PCR. 20 ng of plasmid

encoding eGFP gene was added to the eluted solution, and the relative content of mtDNA was normalized to eGFP as described

above.

EdU click-labeling and immunofluorescence Microscopy
THP-1PMA cells were preloaded with EdU (10 mM, Life Technologies) for 24 hours and mock treated or infected with SFTSV at an

MOI of 10. At 24 hours post infection, cells were washed with PBS and fixed with 4% paraformaldehyde (PFA) at room temperature

for 30 min. Cells were washed and permeabilized with 0.2% (vol/vol) Triton X-100, and subsequently Click-labeled for 30 min at RT in

dark using the Click-iT EdU-Alexa Fluor 647 Imaging Kit (Life Technologies) according to the manufacturer’s protocols, followed

by immunostaining with rabbit anti-NLRP3 antibody (CST) for 1 hour at RT and Alexa Fluor 488 goat anti-rabbit IgG for 1 hour

(Life Technologies). After washing, cells were incubated with 4,6-diamidino-2-phenylindole (DAPI) solution for 10 min, then washed

and mounted for analysis using confocal microscope (Andor Dragonfly 202).

For the immunostaining of 8-OH-dG, THP-1PMA cells were mock treated or infected with SFTSV (MOI = 10) for 24 hours. Cells

were fixed and permeabilized as described above, and then blocked with PBS containing 3% BSA for 10 min. The cells were incu-

bated with mouse anti- 8-OH-dG (Santa Cruz) for 1 hour at RT, followed by incubation with Fluor 561 goat anti-mouse IgG for 1 hour.

Cells were washed and incubated with DAPI, and then analyzed using confocal microscope (Andor Dragonfly 202).

Cell viability and Cytotoxicity assay
THP-1PMA cells were treated as indicated. Cell viability was detected by Cell Counting kit-8 (CCK-8; DojindoMolecular Technologies,

Japan). Cell death was measured by a lactate dehydrogenase (LDH) assay using LDH Cytotoxicity Assay Kit (Beyotime, China).

Measurement of mitochondrial membrane potential and ROS
THP-1PMA cells were mock treated or infected with SFTSV (MOI = 10) and stained with the mitochondrial membrane potential

dye TMRM (Invitrogen) or mitochondrial superoxide indicator MitoSOX (Invitrogen) according to the manufacturer’s instructions.

Cells were loaded with 200 nM of TMRM for 30 min or 5 mM of MitoSOX for 15 min at 37�C, and then washed three times with

PBS. TMRM fluorescence wasmeasured using a multimode microplate reader (Perkin Elmer). MitoSOX fluorescence was measured

by an epifluorescence microscope (Olympus IX73).

Mitochondrial DNA depletion
THP-1PMA cells pretreated with ethidium bromide (EtBr, 450 ng/ml) for 48 or 96 hours were infected with SFTSV (MOI = 10). At 48

hours p.i., THP-1PMA cells were collected and mitochondrial DNA depletion was assessed by total and cytosolic DNA extraction

followed by quantitative PCR for mtDNA as described above.

Detection of cytochrome c release
Mock treated or SFTSV infected THP-1PMA cells were subjected to digitonin fractionation as described previously and whole cell

extracts (WCE), the first pellet after digitonin fractionation (Pel), or cytosolic extracts (Cyt) were blotted using antibody against

cytochrome c.

BAK overexpression
The cDNAs of human BAK was obtained by reverse transcription of total RNA isolated from THP-1 cells, followed by PCR using

gene specific primers (Forward: 50-GAGGAATTCATGGCTTCGGGGCAAGGC-30, Reverse: 50-CGCGGATCCTCATGATTTGAAG

AATCTTCGTACC-30). The cDNAs was cloned into pCDH vector to construct plasmid expressing BAK, named pCDH-BAK. The

pCDH vector or pCDH-BAK was transfected into HEK293T cells with Lipofectamine 2000 (11668019, Thermo fisher, USA).
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Animal study
Five-week-old female C57BL/6 mice were divided into three groups: SFTSV + vehicle (1% Dimethyl sulfoxide solution in PBS)

group (n = 7), SFTSV + Ac-YVAD-cmk group (n = 8), and DMEM + Ac-YVAD-cmk group (n = 5). For SFTSV infection, mice

were treated with anti-IFNAR1 IgG (1.7 mg) by intraperitoneal injection at 1 day prior to infection. Mice were intraperitoneally inoc-

ulated with 103 FFU of SFTSV in 100 mL of DMEM at day 0, or the same volume of DMEM. Ac-YVAD-cmk (InvivoGen, USA) was dis-

solved in 1%Dimethyl sulfoxide solution and given by intraperitoneal injection with the dose of 8 mg/kg/d 1 h after SFTSV inoculation.

Ac-YVAD-cmk was administered on a daily basis for 5 days and mice were monitored for 12 days. Animal experiment was approved

by the Institutional Animal Care and Use Committee and was performed in accordance with the National Institutes of Health

guidelines under protocols.

For the determination of IL-1b in spleen, mice were treated and infected as described above, mice from SFTSV group (n = 3), from

SFTSV + Ac-YVAD-cmk group (n = 4) and from DMEM + Ac-YVAD-cmk group (n = 3) were sacrificed on 5 dpi. Spleen samples

were collected after sacrifice. Concentrations of IL-1b in spleen were determined with the mouse IL-1b ELISA Kit (Abcam,

Cambridge, UK) according to the manufacturer’s instructions. Spleen samples were fixed in 4% formaldehyde in PBS at room tem-

perature. The fixed tissues were paraffin-embedded, sectioned and processed for immunohistochemistry (IHC) using antibodies

against mouse IL-1b (Abcam, Cambridge, UK) and SFTSV NP protein.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed in GraphPad Prism version 6, as defined in the text and figure legends.

DATA AND CODE AVAILABILITY

RNA-Seq datasets are available at the NCBI under the accession number GEO: GSE144358. Proteomics datasets are available

at the ProteomeXchange under the accession number: PXD017224.
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