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Abstract

Human Cytomegalovirus (HCMV) infection of monocytes results in the production of

inflammatory cytokine interleukin-1β (IL-1β). The objective of the study was to

explore the mechanism behind the activation of inflammation. HCMV infection

activated the NLRP3 inflammasome and enhanced the secretion of IL-1β in THP-1

cells. Besides, HCMV infection caused mitochondrial dysfunction, including

excessive ROS production, decreased mitochondrial membrane potential, and

increased mitochondrial fusion. Importantly, the infection reduced the expression of

TFAM protein and the release of mitochondrial DNA into the cytoplasm, which may

contribute to the activation of NLRP3 inflammasome. Collectively, our finding

suggests that HCMV infection may activate NLRP3 inflammasome by releasing

mtDNA into the cytosol in human THP-1 cells and provides novel insights into the

innate immune response against HCMV infection.
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Background

Human cytomegalovirus (HCMV), an opportunistic pathogenic virus，can infect

bone marrow monocytic lineage cells, causing severe diseases in

immunocompromised populations [1, 2]. HCMV infection can evoke inflammatory
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responses through the production of pro-inflammatory cytokines. It is thought that

HCMV is associated with several diseases such as vascular disease, inflammatory

bowel disease, and abnormal neurodevelopment in infants and children [3-6]. Thus，

exploring the mechanism of HCMV-inducing inflammation, is important to pinpoint

the role of HCMV in the etiology of these diseases.

The innate immune response is the first obstacle of pathogenic infection by

microorganisms, aiming to prevent pathogen invasion by activating inflammasomes

and releasing inflammatory factors [7]. Inflammasome, consisting of a pattern

recognition receptor, an adaptor protein, and pro-caspase-1, can regulate the

maturation and secretion of inflammatory cytokines to fight viruses [8]. The important

sensor in inflammasome is the NLR family pyrin domain containing 3 (NLRP3)

involved in some viral infections like the Ebola virus, Epstein-Barr virus, or influenza

virus [9-11]. However, it is still less clear whether HCMV infection can activate the

inflammasome in THP-1 monocytes

Mitochondria, a double-membrane structural organelle that produces ATP to

maintain biological function, plays an important role in cellular energy metabolism

and innate immune response [12-14]. Recent studies have shown that reactive oxygen

species (ROS), mitochondrial dynamics, mtDNA leakage of the damaged

mitochondria, and mitochondrial dysfunction are participants in mitochondrial

regulation of innate immunity and inflammatory responses [15-18]. Whether HCMV

infection impacts mitochondria in myeloid lineage (i.e., THP-1 cells) and whether

mtDNA is involved in NLRP3 inflammasome activation remain largely unknown.
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Results

HCMV infection causes mitochondrial dysfunction and mtDNA releasing into

cytosol in THP-1 cells

We used sucrose gradient centrifugal-purified HCMV (MOI=5) to infect THP-1

cells. THP-1 cells were infected by HCMV Towne strain (Fig. 1A). In the infected

THP-1 cells, the level of IE1 mRNA increased initially after infection but decreased

over time, whereas the LUNA mRNA was detectable throughout infection and the

expression of UL83 mRNAwas not expressed.

Mitochondria are the target of viral attacks, and viral infections have a varying

degree of effects on mitochondria [19, 20]. To examine the impact of HCMV infection

on mitochondrial function, we measured ROS levels 48 hours after infection and

found that HCMV infection significantly induced ROS production in THP-1 cells.

(Fig. 1B). At the same time, mitochondrial membrane potential (ΔΨm), which is

important for mitochondrial homeostasis, was decreased after HCMV infection (Fig.

1C).

Mitochondrial dysfunction is manifested by the release of mtDNA [21]. Next, we

analyzed the expression of TFAM (transcription factor A, mitochondrial), which binds

to mtDNA, promoting its compaction and stabilization as well as replication and

transcription [22]. The expression level of TFAM protein and mRNA in THP-1 cells

was reduced upon HCMV infection (Fig. 1D-F). We also measured mtDNA amount in

infected and uninfected THP-1 cells by qPCR. MtDNA copy number was reduced in
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HCMV-infected cells compared with control cells (Fig. 1G). 2-fold increased the

amount of the specific mtDNA fragment from the D-loop regulatory region in the

cytosolic extract that was isolated from HCMV-infected cells compared with control

cells, suggesting that mtDNA was released into the cytosol in HCMV-infected cells

(Fig. 1H).

Together, our results indicate HCMV infection causes a dramatic increase in

mtDNA damage in the infected cells.

HCMV infection interrupts mitochondrial dynamics in THP-1 cells

Mitochondrion is a dynamic organelle that undergoes continuous fission and

fusion of the mitochondrial outer and inner membranes [23]. Mitochondrial

morphology is tightly regulated by dynamic mitochondrial quality control

mechanisms, including mitochondrial biogenesis, mitophagy, fusion, and fission [24].

Confocal and electron microscopy of HCMV-infected cells revealed significantly

elongated and interconnected mitochondrial networks, consistent with a hyperfused

phenotype (Fig. 2A-D). Accordingly, the protein levels of MFN1, OPA1 and OMA1,

which are associated with mitochondrial fusion, were increased at 12 hpi (hours

post-infection) and remained elevated through 72 hpi (Fig. 2E-H). Mitochondrial

fusion is thought to be a defense mechanism regulated by mitochondrial fusion

proteins MFN1, OMA1, and OPA1 [25]. OMA1 is a master regulator of mitochondrial

fusion. MFN1 is the key protein for mitochondrial outer membrane fusion, and OPA1

mediates the inner membrane fusion [26]. DRP1 controls fission [27].

HCMV infection significantly activates NLRP3 inflammasome and elevates
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IL-1β expression in THP-1 cells

Previous studies have indicated that some viruses interact with immune cells

during infection to activate the inflammasome[28, 29]. Considering the central role of

inflammation in HCMV associated disorders, we examined the effect of HCMV

infection on inflammatory markers in human THP-1 cells. We found that the release

of the inflammatory cytokine IL-1β to the culture supernatant was increased in

HCMV-infected cells compared with that in control cells (Fig. 3A). Besides, protein

levels of NLPR3 and cleaved caspase-1, key components of the inflammasome, were

significantly elevated in HCMV-infected cells compared with those in control cells

(Fig. 3B-D). Similarly, the mRNA expression of NLPR3 and caspase-1 were also

increased in HCMV-infected cells compared with those in control cells (Fig. 3E-F).

To test whether NLRP3 is important for HCMV-induced inflammation, THP-1 cells

expressing control shRNA (NC) and NLRP3-shRNA were infected with HCMV

towne virus. HCMV-induced IL-1β secretion was significantly reduced in NLRP3

knockdown cells compared with NC cells (Fig. 3G-J), suggesting that the

inflammasome components NLRP3 is involved in HCMV-induced IL-1β secretion.

Mitochondrial DNA release is required for HCMV induced NLRP3

inflammasome activation

To ensure that mitochondrial dysfunction and mtDNA are needed for NLRP3

inflammasome activation, we measured mtDNA copy number and NLRP3 protein in

TFAM knockdown cells. The results showed that TFAM knockdown in THP-1 cells

caused an increase in mtDNA copy number in the cytoplasm (Fig. 4A-C), and the
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expression level of NLRP3 protein was higher compared with the control group (Fig.

4D-E). These data suggest that TFAM depletion induces mtDNA stress that triggers

the release of mtDNA into the cytosol to engage the NLRP3 inflammasome.

To assess the importance of mtDNA in NLRP3 inflammasome activation in

HCMV-infected cells, we cultured THP-1 cells with EtBr to generate

mtDNA-deficient cells. Low concentrations of EtBr, resulting in inhibition of mtDNA

replication, have no detectable effect on nuclear DNA division [30]. We confirmed that

EtBr treatment diminished the mtDNA copy number in THP-1 cells (Fig. 4F). The

protein levels of NLRP3 and IL-1β were analyzed by Western blotting 48 hours after

HCMV infection. The results showed that EtBr treatment inhibited HCMV-induced

NLRP3 protein and IL-1β expression (Fig. 4G-I). Together, these results indicate that

mtDNA depletion prevented NLRP3 inflammasome activation.

Discussion

HCMV has been reported to cause inflammation, such as apical periodontitis,

retinitis, colitis, and neonatal infection [31-35]. The inflammatory responses and

cytokines play a key role in HCMV infection, reactivation, and disease progression

[36-38]. However, the mechanism behind the activation of inflammation is poorly

elucidated. Consequently, our team was committed to this point and the corresponding

data indicated that HCMV infection in THP-1 cells could significantly induce the

activation of NLRP3 inflammasome, which has not been reported before. Interestingly,

Botto, S et al. found that AIM2 but neither IFI16 nor NLRP3 is essential to
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HCMV-mediated IL-1β secretion, which is different from our conclusion[39]. In our

study, we used the HCMV Towne strain to infect THP-1 cells. These cells were not

treated with PMA, which were not differentiated into a macrophage, and thus the

virus retained the latent infection in THP-1 cells with a monocyte-like phenotype.

NLRP3 inflammasome is at the central stage of the inflammatory response,

regulating the caspase-1 activity to induce proteolytic maturation of IL-1β [40].

Mitochondrion, as an important organelle in the cell, regulates various biological

processes such as energy metabolism, innate immune response, and apoptosis, which

is essential for maintaining cell homeostasis [41]. The present study provides evidence

that mitochondria play a major role in NLRP3 inflammasome signaling [15, 42, 43].

However, the direct impact of HCMV infection on mitochondria in THP-1 cells and

whether mitochondria are involved in the NLRP3 inflammasome activation process

remain largely unknown.

Previous studies have reported the effects of HCMV on mitochondrial function,

but these are mainly related to apoptosis and host cell metabolism [44-46]. We focused

on morphological and functional change in mitochondria during HCMV infection.

Many viruses have been shown to cause mitochondrial and mtDNA damage [23, 47, 48].

Mitochondria are sources of ROS production [49]. Research suggests that high levels of

ROS could lead to loss of ΔΨ, oxidative stress, and DNA damage [50, 51]. Consistent

with the results above, we concluded that HCMV infection of THP-1 cells resulted in

the accumulation of intracellular ROS, a decrease of mitochondrial membrane

potential, mitochondrial DNA damage, and release into the cytosol. HCMV infection
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causes mitochondrial dysfunction in THP-1 cells.

To further investigate the impact of HCMV on mitochondria, we further observed

mitochondria by electron microscopy and fluorescence confocal microscopy. The

corresponding results showed that HCMV infection caused a change in mitochondrial

morphology and dynamics. At the molecular level, we also found that

HCMV-infection resulted in increased expression of mitochondrial fusion proteins

MFN1, OPA1, and OMA1. Mitochondrial morphology depends on an appropriate

balance between fusion and fission processes [14]. Mitochondrial morphology change

may be related to disturbances in mitochondrial function [52]. The fusion of

mitochondria is considered as a rescue mechanism for damaged organelles [53]. We

think that the fusion of mitochondria is a rescue mechanism for damaged organelles to

prevent host cell apoptosis [53].

These results demonstrate that HCMV infection leads to mitochondrial

dysfunction and mtDNA release into the cytosol ultimately. It has been reported that

injection of mtDNA into mouse joints will induce arthritis exposure of spleen cells to

mtDNA will increase the secretion of pro-inflammatory cytokines [54]. Previous

studies also showed that mtDNA stress primes the antiviral innate immune response

[55]. We hypothesized that NLRP3 inflammasome activation might be connected to

mtDNA release after HCMV infection of THP-1 cells.

TFAM plays a significant role in the replication, transcription, and maintenance

of mtDNA [56]. We found that the TFAM depletion and the release of mtDNA were

significantly increased after HCMV infection, which is a common phenomenon of
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herpes virus infection but not a general consequence of viral infection. Cells infected

with VSV, Influenza, LCMV, and Vaccinia possessed normal mtDNA architecture,

TFAM expression, and copy number [55]. The detailed mechanism still needs further

study. Next, we thought to determine whether HCMV-induced mtDNA release is

necessary and sufficient to potentiate NLRP3 inflammasome activation. Experimental

results show that TFAM knockdown reduced mtDNA contents, leading to the release

of mtDNA into the cytoplasm and activation of NLRP3 inflammasome. Furthermore,

we found that low-dose EtBr treatment, which can deplete mtDNA in THP-1 cells,

inhibits NLRP3 inflammasome activation. As mentioned above, there are reasons to

think that mtDNA causes the activation of NLRP3 inflammasome.

Conclusions

In this study, we found HCMV infection dramatically induced the activation of

NLRP3 inflammasome. Simultaneously, except for the HCMV-medicated NLRP3

signaling activation mentioned above, our evidence suggests that mitochondrial

dysfunction can enhance ROS generation, and mtDNA release may contribute to the

NLRP3 activation as well.

Methods

Cell culture and virus infections

THP-1 cells cultured in RPMI 1640 medium (Life Technologies, Grand Island,

NY) supplemented with 10% fetal bovine serum (FBS, Life Technologies, Grand

Island, NY) and antibiotics (100 units/ ml penicillin and 100 µg/ml streptomycin)
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were obtained from the cell bank of the Shanghai Institute, and maintained in

RPMI-1640 medium (Gibco) with 10% FBS, 100 U/ml penicillin and 100 μg/ml

streptomycin. THP-1 cells were nfected with HCMV Towne strain as a previous

description [57]. The Towne strain of HCMV (HCMV-Townevar ATCC), obtained from

American Type Culture Collection (ATCC), was a gift from Dr. Shiqiang Shang

(Zhejiang University). HCMV Towne strain was purified by sedimentation through a

sucrose gradient, and the infectious virus titers were expressed as median tissue

culture infectious dose (TCID50) [58]. Briefly, HF monolayers were infected with

CMV virus (MOI of 5) and harvested at 5 dpi (days post-infection). The medium was

clarified by low-speed centrifugation (2000 g, 10 min), and virus particles were

pelleted (~20000 g, 1 h). Virions were purified on a 15–50% sucrose gradient in

phosphate buffer (40 mM mono-/dibasic phosphate, 150 mM NaCl, pH 7.4) using

ultracentrifugation (SW 32Ti rotor, Beckman L-90 ultracentrifuge, 24000 rpm, 1 h).

Virions were harvested by puncturing the sides of the centrifuge tube with a 23 G

needle and were washed once in phosphate buffer before concentrating by

centrifugation (SW-41 rotor, Beckman L-80 ultracentrifuge, 24000 rpm, 1 h). The

concentration of sucrose in the preparation was reduced by brief dialysis against PBS.

A THP-1 cell line was infected with HCMV Towne at a multiplicity of infection (MOI)

of 5 and collected at the indicated time points.

Antibodies and reagents

Immunoblot analysis was done using various primary antibodies: anti-NLRP3

antibody (Cell Signaling Technology), anti-AIM2 antibody (Cell Signaling
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Technology), anti-ASC antibody (Cell Signaling Technology), anti-Cleaved

Caspase-1 antibody (Cell Signaling Technology), anti-TFAM antibody (Abcam),

anti-MFN1 antibody (Abcam), anti-OPA1 antibody (Abcam), anti-OMA1 antibody

(Abcam), anti-DRP1 antibody (Abcam), anti-Tom20 antibody (Cell Signaling

Technology) and anti-GAPDH (Cell Signaling Technology). BCA Protein Assay Kit

and Pierce ECL Western Blotting Substrate were obtained from Thermo Scientific

(Waltham, MA).

Western blotting

Cells were lysed in RIPA lysis buffer supplemented with protease and

phosphatase inhibitors on ice for 20 min, followed by centrifugation at 14,000 rpm for

20 min at 4°C the supernatants were collected. Protein concentrations of whole-cell

extracts were determined using the Pierce BCA protein assay kit. Lysates with the

same concentration of protein were loaded in 10% SDS-PAGE gels, followed by

electrophoretic transferred onto nitrocellulose membranes. Then membranes were

blocked for 1 hour at room temperature in 5% non-fat milk in Tris-buffered saline

(TBS)-Tween (TBS-T) on a shaker and then incubated with the primary antibodies

overnight at 4°C. The membrane was washed three times with TBST solution for 10

min, following incubation with horseradish peroxidase (HRP) - conjugated anti-rabbit

or anti-mouse immunoglobulin G at room temperature for 1 hour with gentle shaking.

Immunoreactive proteins were detected by ECL reagent according to the

manufacturer's protocol (Thermo Scientific, Rockford, IL). Optical density was

measured using the National Institute of Health Image J software. Relative protein
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levels were normalized to the GAPDH level in samples.

ELISA

Cell debris was centrifuged and removed, which the resulting supernatant was

collected. Concentrations of human IL-1β from the cell culture supernatant were

determined by ELISA kits (Dakewe Biotech, China) according to the instructions

provided by the company.

Real-time PCR

Cells were harvested and lysates prepared. The total RNA was isolated from cells

with the help of Trizol (Invitrogen) according to the manufacturer's protocol. Equal

amounts of RNA were reverse-transcribed into cDNA using the Reverse Transcription

Kit (Takara). The complementary cDNA was subsequently used as a template for

real-time PCR. Real-time quantitative PCR analysis was performed using 3 µl cDNA

/20 µl reaction volume on a CFX Connect™ Real-Time PCR Detection System

(Bio-Rad, Hercules, CA) using SYBR Green according to the manufacturer's

instructions. PCR conditions were 95˚C for 2 min, 95˚C for 15 s, and 60˚C for 30 s for

40 cycles. Three technical replicates were performed for each biological sample, and

expression values of each replicate were normalized against GAPDH cDNA using the

2-ΔΔCt method.

For mitochondrial DNA (mtDNA) copy number detection, cell pellets were

divided into two parts to extract total DNA and cytosolic DNA, respectively.

Cytosolic DNA was isolated from the pure cytosolic fractions using the TIAamp

Genomic DNA kit (TIAamp, China). Total DNA was extracted directly from the same
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kit. Quantitative PCR was used for the measurement of mtDNA using established

primers for mitochondrial and nuclear genes. The relative abundance of mtDNA was

normalized to that of nuclear DNA as the ratio of mitochondrial DNA encoded genes

(COX2, ND1, DloopHV1) to nuclear DNA encoding 18S ribosomal RNA.

The primer sets used for RT-PCR are listed in Table 1.

Lentivirus production and transduction

Hairpin-pLKO.1 vectors (carrying a puromycin antibiotic resistance gene)

containing control and TFAM-shRNA oligonucleotides were purchased from Biogot

Technology (Nanjing, China). Sequences of specific shRNAs used in this study were

as follows: shTFAM 5' GGCAAGTTGTCCAAAGAAACC3' (forward); Lentiviral

production and transduction were conducted according to manufacturer's protocol

(GeneCopoeia, Rockville, MD). TFAM knockdown in THP-1 cells was validated by

western blot analysis.

ROS detection

ROS level in THP-1 cells was assessed by measuring the fluorescence of

2′,7′-dichlorofluorescin diacetate (DCFH-DA), an oxidation sensitive probe,

according to the manufacturer's protocol (Beyotime, Shanghai, China). Briefly,

DCFH-DA (10 μM) was added to the THP-1 cells for 20 min at 37 ℃. Labeled cells

were washed twice in modified PBS before analyzed by a confocal microscope

(Olympus, Fluoview1000, Tokyo, Japan). Relative ROS levels were presented as

fluorescence intensity.

Mitochondrial membrane potential (Δψm) measurement
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The mitochondrial membrane potential was tested using a JC-1 assay kit (JC-1

assay kit, Beyotime, Shanghai, China) according to the manufacturer's instructions.

The cells were washed twice with PBS and incubated with JC-1 probe at 37 °C in the

dark incubator for 30 min. After washing, green and red fluorescent intensity was

analyzed by confocal microscopy. The Δψm was calculated as the fluorescence

intensity ratio of green to the total.

Fluorescent confocal microscopy

The cells were mixed with Mito-Tracker Red (Invitrogen) and placed in the

incubator at 37 °C for 30 minutes in the dark according to the manufacturer's

recommended protocol. The cells were washed in PBS, then 200 ul of 4%

paraformaldehyde was added to the cell pellet, mixed, and left at room temperature

for 10 min to 15 min, permeabilized with 0.5% Triton X-100 for 15 min, and then

stained with DAPI for 20 min. Cells were washed with PBS between two steps. Cells

were spun onto the slide and sealed with an anti-fluorescence quencher. Images were

obtained using Nikon A1 confocal microscope.

Cells are classified by measuring the length-to-width ratio of mitochondria. More

than 50% of mitochondria in a cell show that the length-to-width ratio of more than

20 is defined as the network type. More than 50% of mitochondria in one-cell show

that the length-to-width ratio is less than 20 is defined as the fragment type [59].

Electron microscopy

The THP-1 cells were collected, washed 3 times with pre-cooled PBS, and then

fixed in 2.5% glutaric acid for 2 h at 4 °C. Next, the cells were fixed using 1% osmic
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acid for 2 hours at 4 °C and dehydration of gradient ethanol was used at 4 °C. Cells

were washed with pre-cooled PBS between each step. After embedded, the cells were

sliced and stained with lead citrate. The intracellular mitochondrial morphology was

observed and photographed by transmission electron microscopy. The mitochondrial

perimeter of the mock and infected cells was measured by Image J software [55]. Count

the number of mitochondria with a circumference of fewer than 2 μm, 2 to 5 μm, and

greater than 5 μm, and calculate the percentage of each.

Generation of mtDNA-deficient cells

THP-1 cells were cultured in RPMI 1640 medium (Life Technologies, Grand

Island, NY) containing 10% fetal bovine serum (FBS, Life Technologies, Grand

Island, NY), antibiotics (100 units/ ml penicillin and 100 µg/ml streptomycin) at

37 °C in an atmosphere of 5% CO2. Cells were incubated in the medium

supplemented with 100 µg/ml pyruvate (Invitrogen), 50 µg/ml uridine (Sigma) and

ethidium bromide (EtBr) (25 ng/ml) for 2 weeks [15, 60]. Quantitative real-time PCR

was used to determine the depletion of mitochondrial DNA.

Statistical analysis

Unpaired t-tests were used to compare other data between mock and

HCMV-infected samples. All statistical values were visualized using GraphPad Prism

5.0. p ≤ 0.05 was considered to be statistically signifcant.

All methods were carried out in accordance with relevant guidelines and

regulations.

Abbreviations
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HCMV: Human Cytomegalovirus; IL-1β: interleukin-1β; NLRP3: NLR family pyrin

domain containing 3; ROS: reactive oxygen species; ΔΨm: mitochondrial membrane

potential; EtBr: ethidium bromide; TFAM: transcription factor A, mitochondrial.
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Fig.1 HCMV infection causes mitochondrial dysfunction and mtDNA releasing

into cytosol in THP-1 cells.

a The levels of HCMV transcripts (IE1, LUNA, and UL83 mRNA) in latent infection

analyzed by RT-PCR. b ROS levels in mitochondria of THP-1 cells infected with

HCMV (MOI=5) for 48 h. Uninfected cells serve as mock control. cMitochondrial

membrane potential in THP-1 cells infected with HCMV (MOI=5) for 48 h.

Uninfected cells serve as mock control. d,e Immunoblot analysis of TFAM in lysates

from control and THP-1 cells infected with HCMV (MOI=5) for 48 h. GAPDH was

used as loading control. f Relative qRT–PCR analysis of TFAM mRNA level in

THP-1 cells infected with HCMV (MOI=5) for 48 h. g Relative mtDNA copy number

of THP-1 cells 48 h post-infection with HCMV (MOI=5). h Cytosolic mtDNA was

quantitated via qPCR. Normalization was performed as described in the Methods.

Data are shown as the mean +/- SEM of three independent experiments. *p<0.05,

**p<0.01, ***p<0.001.

Fig.2 HCMV infection interrupts mitochondrial dynamics in THP-1 cells.

a THP-1 cells were infected with HCMV (MOI=5), incubated for the indicated times.

Uninfected cells serve as mock control. Cells were fixed and processed for electron

microscopy analysis. Blue arrow indicates normal mitochondria, red arrow indicates

abnormal of mitochondria. b THP-1 cells were infected with HCMV (MOI=5) for the
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indicated times. Cells were stained and subjected to confocal microscopy. c

Mitochondrial perimeter measurements were obtained from multiple independent

images, stratified into groups, and graphed as a percentage of the total number of

mitochondria counted for each sample. d Population of the THP-1 cells with different

types of mitochondria morphology was summarized. e Immunoblot analysis of

MFN1,OPA1,OMA1 and DRP1 in THP-1 cells infected with HCMV (MOI=5) for the

indicated time points. GAPDH was used as loading control. Tom20 was used as

mitochondrial mass control. f-h Quantitative analysis of relative protein levels of

MFN1,OPA1,OMA1. Data are shown as the mean +/- SEM of three independent

experiments. **p<0.01, ***p<0.001.

Fig.3 HCMV infection significantly activates NLRP3 inflammasome and elevates

IL-1β expression in THP-1 cells.

a ELISA of IL-1β in the supernatants of THP-1 cells infected with HCMV (MOI=5)

for the indicated time points. b Immunoblot analysis of NLPR3 and cleaved

caspase-1 in mock and THP-1 cells infected with HCMV (MOI=5) for the indicated

time points. c,d Quantitative analysis of relative protein levels of NLPR3 and cleaved

caspase-1. e,f Relative qRT–PCR analysis of NLPR3 and caspase-1 mRNA level in

THP-1 cells infected with HCMV (MOI=5) for the indicated time points.

g Immunoblot analysis of NLRP3 in lysates from control and TFAM stable

knockdown THP-1 cells. h Quantitative analysis of the relative protein levels of

NLRP3 in control and TFAM stable knockdown THP-1 cells. i Immunoblot analysis
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of IL-1β in THP-1 cells infected by HCMV (MOI=5) for 48 h. j Quantitative analysis

of the relative protein levels of IL-1βin THP-1 cells infected by HCMV (MOI=5) for

48 h. Data are shown as the mean +/- SEM of three independent experiments. *p<0.05,

**p<0.01, ***p<0.001.

Fig.4 Mitochondrial DNA release is required for HCMV induced NLRP3

inflammasome activation.

a Immunoblot analysis of TFAM in lysates from control and TFAM stable knockdown

THP-1 cells. b Quantitative analysis of the relative protein levels of TFAM in control

and TFAM stable knockdown THP-1 cells. c Cytosolic mtDNA was quantitated by

qPCR in TFAM stable knockdown THP-1 cells. d Immunoblot analysis of NLRP3 in

TFAM stable knockdown THP-1 cells. e Quantitative analysis of the relative protein

levels of NLRP3 in control and TFAM stable knockdown THP-1 cells. f mtDNA

abundance of THP-1 cells treated with (25 ng / ml) EtBr for 2 weeks. g Immunoblot

analysis of NLRP3 and IL-1β in THP-1 cells treated with or without EtBr followed by

HCMV infection (MOI=5) for 48 h. h Quantitative analysis of the relative protein

levels of NLRP3 in THP-1 cells treated with or without EtBr followed by HCMV

infection (MOI=5) for 48 h. i Quantitative analysis of the relative protein levels of

IL-1β in THP-1 cells treated with or without EtBr followed by HCMV infection

(MOI=5) for 48 h. Data are shown as the mean +/- SEM of three independent

experiments. *p<0.05, **p<0.01, ***p<0.001. NS (non-significant).
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Table 1. Primers used for RT-PCR amplification.

Primer name Nucleotide sequence (5' to 3) Product size(bp)

TFAM forward GAAGCTAAGGGTGATTCACCGC 182

TFAM reverse CGTAGAAGATCCTTTCGTCCAAC

GAPDH forward CTGCACCACCAACTGCTTAG 185

GAPDH revers GAGGTCCACCACTGACACGTT

NLRP3 forward TGGAGACACAGGACTCAGGC 252

NLRP3 reverse CATTTCACCCAACTGTAGGC

Caspase-1 forward GCAAAGCTTGACATTCCCTT 220

Caspase-1 reverse GCAAAGCTTGACATTCCCTT

COX2 forward CCCCACATTAGGCTTAAAAACAGAT 81

COX2 reverse TATACCCCCGGTCGTGTAGC

ND1 forward CCTAATGCTTACCGAACGA 152

ND1 reverse GGGTGATGGTAGATGTGGC

DloopHV1 forward CGGTACCATAAATACTTGACCAC 123

DloopHV1 reverse GAGTTGCAGTTGATGTGTGATAG

18S forward CGACCCATTCGAACGTCTG 116

18S reverse CCGTTTCTCAGGCTCCCTC



Figures

Figure 1

HCMV infection causes mitochondrial dysfunction and mtDNA releasing

into cytosol in THP-1 cells.



a The levels of HCMV transcripts (IE1, LUNA, and UL83 mRNA) in latent infection

analyzed by RT-PCR. b ROS levels in mitochondria of THP-1 cells infected with

HCMV (MOI=5) for 48 h. Uninfected cells serve as mock control. cMitochondrial

membrane potential in THP-1 cells infected with HCMV (MOI=5) for 48 h.

Uninfected cells serve as mock control. d,e Immunoblot analysis of TFAM in lysates

from control and THP-1 cells infected with HCMV (MOI=5) for 48 h. GAPDH was

used as loading control. f Relative qRT–PCR analysis of TFAM mRNA level in

THP-1 cells infected with HCMV (MOI=5) for 48 h. g Relative mtDNA copy number

of THP-1 cells 48 h post-infection with HCMV (MOI=5). h Cytosolic mtDNA was

quantitated via qPCR. Normalization was performed as described in the Methods.

Data are shown as the mean +/- SEM of three independent experiments. *p<0.05,

**p<0.01, ***p<0.001.



Figure 2

HCMV infection interrupts mitochondrial dynamics in THP-1 cells.

a THP-1 cells were infected with HCMV (MOI=5), incubated for the indicated times.

Uninfected cells serve as mock control. Cells were �xed and processed for electron



microscopy analysis. Blue arrow indicates normal mitochondria, red arrow indicates

abnormal of mitochondria. b THP-1 cells were infected with HCMV (MOI=5) for the indicated times. Cells
were stained and subjected to confocal microscopy. c

Mitochondrial perimeter measurements were obtained from multiple independent

images, strati�ed into groups, and graphed as a percentage of the total number of

mitochondria counted for each sample. d Population of the THP-1 cells with different

types of mitochondria morphology was summarized. e Immunoblot analysis of

MFN1,OPA1,OMA1 and DRP1 in THP-1 cells infected with HCMV (MOI=5) for the

indicated time points. GAPDH was used as loading control. Tom20 was used as

mitochondrial mass control. f-h Quantitative analysis of relative protein levels of

MFN1,OPA1,OMA1. Data are shown as the mean +/- SEM of three independent

experiments. **p<0.01, ***p<0.001.



Figure 3

HCMV infection signi�cantly activates NLRP3 in�ammasome and elevates

IL-1β expression in THP-1 cells.

a ELISA of IL-1β in the supernatants of THP-1 cells infected with HCMV (MOI=5)



for the indicated time points. b Immunoblot analysis of NLPR3 and cleaved

caspase-1 in mock and THP-1 cells infected with HCMV (MOI=5) for the indicated

time points. c,d Quantitative analysis of relative protein levels of NLPR3 and cleaved

caspase-1. e,f Relative qRT–PCR analysis of NLPR3 and caspase-1 mRNA level in

THP-1 cells infected with HCMV (MOI=5) for the indicated time points.

g Immunoblot analysis of NLRP3 in lysates from control and TFAM stable

knockdown THP-1 cells. h Quantitative analysis of the relative protein levels of

NLRP3 in control and TFAM stable knockdown THP-1 cells. i Immunoblot analysis of IL-1β in THP-1 cells
infected by HCMV (MOI=5) for 48 h. j Quantitative analysis

of the relative protein levels of IL-1βin THP-1 cells infected by HCMV (MOI=5) for

48 h. Data are shown as the mean +/- SEM of three independent experiments. *p<0.05, **p<0.01,
***p<0.001.



Figure 4

Mitochondrial DNA release is required for HCMV induced NLRP3

in�ammasome activation.

a Immunoblot analysis of TFAM in lysates from control and TFAM stable knockdown



THP-1 cells. b Quantitative analysis of the relative protein levels of TFAM in control

and TFAM stable knockdown THP-1 cells. c Cytosolic mtDNA was quantitated by

qPCR in TFAM stable knockdown THP-1 cells. d Immunoblot analysis of NLRP3 in

TFAM stable knockdown THP-1 cells. e Quantitative analysis of the relative protein

levels of NLRP3 in control and TFAM stable knockdown THP-1 cells. f mtDNA

abundance of THP-1 cells treated with (25 ng / ml) EtBr for 2 weeks. g Immunoblot

analysis of NLRP3 and IL-1β in THP-1 cells treated with or without EtBr followed by

HCMV infection (MOI=5) for 48 h. h Quantitative analysis of the relative protein

levels of NLRP3 in THP-1 cells treated with or without EtBr followed by HCMV

infection (MOI=5) for 48 h. i Quantitative analysis of the relative protein levels of

IL-1β in THP-1 cells treated with or without EtBr followed by HCMV infection

(MOI=5) for 48 h. Data are shown as the mean +/- SEM of three independent

experiments. *p<0.05, **p<0.01, ***p<0.001. NS (non-signi�cant).


