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Abstract

Mouse p202 is a disease locus for lupus and a dominant-negative
inhibitor of AIM2 inflammasome activation. A human homolog of
p202 has not been identified so far. Here, we report a novel tran-
script isoform of human IFI16-designated IFI16-b, which has a
domain architecture similar to that of mouse p202. Like p202,
IFI16-b contains two HIN domains, but lacks the pyrin domain.
IFI16-b is ubiquitously expressed in various human tissues and
cells. Its mRNA levels are also elevated in leukocytes of patients
with lupus, virus-infected cells, and cells treated with interferon-b
or phorbol ester. IFI16-b co-localizes with AIM2 in the cytoplasm,
whereas IFI16-a is predominantly found in the nucleus. IFI16-b
interacts with AIM2 to impede the formation of a functional AIM2-
ASC complex. In addition, IFI16-b sequesters cytoplasmic dsDNA
and renders it unavailable for AIM2 sensing. Enforced expression of
IFI16-b inhibits the activation of AIM2 inflammasome, whereas
knockdown of IFI16-b augments interleukin-1b secretion triggered
by dsDNA but not dsRNA. Thus, cytoplasm-localized IFI16-b is func-
tionally equivalent to mouse p202 that exerts an inhibitory effect
on AIM2 inflammasome.
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Introduction

Cyclic GMP-AMP synthase (cGAS) and AIM2 are master cytoplasmic

double-stranded DNA (dsDNA) sensors [1]. Upon activation by

dsDNA, cGAS produces a cyclic dinucleotide second messenger 2030-
cGAMP, which binds with and activates endoplasmic reticulum

membrane protein STING. Activated STING recruits TBK1 kinase to

phosphorylate transcription factor IRF3, resulting in the production

of type I interferons (IFNs) [2]. On the other hand, cytoplasmic

dsDNA sensing by AIM2 induces the activation of inflammasome,

which is a cytoplasmic multi-protein complex that not only provides

host defense against microbial pathogens but also contributes to

pathogenic inflammation [3]. One recent study also suggested that

dsDNA could induce inflammasome activation through an AIM2-

independent cGAS-STING-NLRP3 pathway in human myeloid cells

[4].

AIM2 contains an N-terminal effector pyrin domain (PYD) and a

C-terminal HIN domain [5,6]. Whereas the positively charged HIN

domain embraces dsDNA, PYD facilitates the recruitment of the

inflammasome adapter protein ASC [7]. AIM2 resides in the cyto-

plasm and binds dsDNA from DNA viruses and bacteria [8–10].

Upon DNA binding, AIM2 recruits ASC via homotypic interaction of

PYDs. ASC in turn recruits procaspase 1 through CARD–CARD inter-

action, resulting in the cleavage of prointerleukin-1b (pro-IL-1b) and
pro-IL-18, leading to the secretion of mature IL-1b and IL-18 [3].

AIM2 inflammasome is also activated in response to various types

of cellular stress such as irradiation, nuclear membrane breakdown,

and DNA damage [11]. Particularly, pharmacological disruption of

nuclear envelope integrity by nelfinavir, which is commonly used in

antiretroviral therapy as an inhibitor of viral proteases, can also acti-

vate AIM2 inflammasome by triggering the leakage of nuclear DNA

to the cytoplasm [12].

AIM2 is one of the pyrin and HIN domain-containing (PYHIN)

proteins which typically possess an N-terminal PYD and one or two

C-terminal HIN domains [13,14]. There are only four human PYHIN

proteins, namely AIM2, IFI16, IFIX, and MNDA, while at least 13

exist in mice, including Aim2/p210, p204, p202(a/b), p203, p205,

p206, and MNDA-like. With the exception of AIM2 and possibly

MNDA, the phylogenetic orthology among mammalian PYHIN

proteins is not evident [13,14]. In contrast to AIM2, IFI16 predomi-

nantly localizes to the nucleus. IFI16 contains an N-terminal PYD

and two C-terminal HIN domains, HIN A and HIN B, which

cooperate to bind dsDNA [15,16]. IFI16 senses replicating DNA of

herpesviruses in the nucleus and assembles an ASC- and procas-

pase-1-containing inflammasome, resulting in the formation of

IFI16-ASC-caspase-1 inflammasome complex and AIM2-independent
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processing of pro-IL-1b [17–19]. Cytoplasmic localization of IFI16 in

macrophages and lymphocytes might allow it to sense DNA,

promote cGAMP production, and induce STING-dependent type I

IFN expression [20]. IFI16 could also act as a host DNA sensor of

HIV proviral DNA to trigger pyroptosis of abortively infected CD4 T

cells [21,22]. The dynamic shuttling of IFI16 between the cytoplasm

and nucleus is controlled by acetylation of the nuclear localization

signal (NLS), allowing IFI16 to function as a nuclear and cytoplas-

mic DNA sensor [16,23]. Mouse p204, which has a similar domain

organization as IFI16, also acts as a cytoplasmic DNA sensor to

induce STING-dependent type I IFN expression [15]. In contrast,

mouse p205 induces the expression of ASC mRNA to mediate

inflammasome activation [24]. IFI16 serves as a DNA sensor to

induce type I IFN production [15]. IFI16 also cooperates with cGAS

in DNA sensing [20,25,26]. However, IFN response to cytoplasmic

DNA was unaffected in mice deficient of all 13 AIM2-like PYHIN

proteins, providing in vivo evidence that p204 is dispensable for

DNA sensing coupled to type I IFN production [27]. Further investi-

gations are required to resolve these discrepancies.

Mouse p202, with two tandem HIN domains homologous to those

of IFI16 but lacking a PYD, can act as a negative regulator of AIM2

inflammasome through protein–protein interaction and dsDNA

sequestration [28–30]. The HIN A domain of p202 has a higher affinity

to dsDNA and its HIN B domain binds AIM2 HIN domain, separating it

from PYDs to prevent ASC recruitment and clustering [29,30]. Several

lines of evidence suggested p202 to be a susceptibility gene to systemic

lupus erythematosus (SLE) in mice [31,32]. SLE is an autoimmune

disease characterized by chronic stimulation of the innate immune

system by endogenous nucleic acids, resulting in increased levels of

type I IFNs [33]. p202 expression is elevated in SLE-susceptible mouse

strains such as NZB and B6.Nba2 [28,31,32]. In line with this, the

activity of AIM2 inflammasome is very low in macrophages of NZB

mice [28]. p202 might contribute to SLE development through regula-

tion of AIM2 inflammasome [32,34,35]. p202 is also implicated in the

progression of other autoimmune diseases such as glomerulonephritis

[36]. Type I IFN receptor-deficient mice that do not develop lupus

show decreased expression of p202 [37]. Up to date, no human

homolog of p202 or any human PYHIN protein with HIN domains only

has been identified [13,14].

In this study, we identified and characterized a previously unre-

cognized transcript isoform of IFI16-designated IFI16-b. Our results
revealed the structural and functional similarity between IFI16-b
and mouse p202. IFI16-b might serve to put a brake on excessive

activation of AIM2 inflammasome.

Results

Identification and expression analysis of IFI16-b

Mouse p202 containing HIN A and HIN B domains only is a critical

negative regulator of AIM2 inflammasome activation [28–30]. None

of the four human PYHIN proteins AIM2, IFI16, IFIX, and MNDA has

a similar structure, but IFI16 is the only one harboring both HIN A

and HIN B domains. Given that multiple transcript and splicing

isoforms are commonly found for human genes [38], we wondered

whether there exist any IFI16 isoforms that contain the HIN domains

only but lack any PYD. A search of the expressed sequence tag (EST)

database led to the identification of multiple ESTs with a putative

transcription initiation site within intron 2 of IFI16. Further analysis

revealed that all ESTs in this group derived from one alternative

IFI16 transcript that encodes a protein with HIN A and HIN B

domains but without PYD (GenBank accession number MH445452).

Rapid amplification of cDNA ends yielded the same 50 sequence as

one EST initiating from intron 2 of IFI16. To distinguish the two

IFI16 transcripts, the newly identified transcript with an alternative

50 exon transcribed from intron 2 was named IFI16-b and the original

transcript became IFI16-a hereafter. The three previously identified

splice isoforms of IFI16-a were known as A, B, and C, which have

the same transcription start site and an identical 50 exon organization

(Fig 1A) [39]. IFI16-b is 162 amino acids shorter than the major and

commonest isoform IFI16-a-B, which was also used for comparison

throughout our study. Consistent with the presence of an alternative

promoter, a DNase I hypersensitivity cluster as well as regions

enriched with H3K4me1 and H3K27ac histone marks was found

immediately upstream of the putative transcription initiation site of

IFI16-b in the ENCODE database. In addition, binding sites for multi-

ple transcription factors such as STAT1, JUN, and FOS, some of

which were also found in the promoter of other IFN-stimulated genes

[40], were identified in the same upstream region.

We next sought to determine the expression patterns of endoge-

nous IFI16-a and IFI16-b in different human tissues and cells. Two

pairs of isoform-specific primers were designed so that a fragment of

correct size can only be amplified from IFI16-b cDNA, but not from

IFI16-a cDNA or genomic DNA, by the IFI16-b primers. Likewise, the

IFI16-a primers were specific to IFI16-a cDNA (Fig 1A). IFI16-b
mRNA was found in multiple human tissues and cell lines. Particu-

larly, IFI16-b mRNA was relatively more abundant in placenta,

spleen, peripheral blood leukocytes, THP-1 monocytic cells, U937

histiocytic cells, and HuT102 lymphocytic cells (Fig 1B and C).

Although IFI16-b transcript is expressed from an alternative

promoter and has a unique 50 untranslated region, IFI16-b protein is

translated from the coding exons shared by IFI16-a and IFI16-b.
Thus, IFI16-b is a truncated version of IFI16-a lacking the PYD

domain (Fig 1A). To distinguish the expression of endogenous

IFI16-a and IFI16-b proteins, two monoclonal anti-IFI16 antibodies

were purchased. The anti-IFI16N antibody (sc-8023 from Santa

Cruz) was raised against the N-terminal PYD, while the other anti-

IFI16C antibody (ab50004 from Abcam) recognized the shared C-

terminal HIN B domain. In fact, when individual proteins were

ectopically expressed in HEK293T cells, anti-IFI16N was only found

reactive to IFI16-a but not IFI16-b. In contrast, anti-IFI16C bound to

both IFI16-a and IFI16-b (Fig 1D). Moreover, multiple anti-IFI16C-

reactive protein bands were seen in THP-1 cell lysate and they might

correspond to the three known splice isoforms of IFI16-a (i.e., IFI16-

a-A, IFI16-a-B, and IFI16-a-C). In addition to these three IFI16-a
isoforms, an additional anti-IFI16C-reactive protein species compati-

ble with the predicted size of IFI16-b was also observed (Fig 1E and

F). Upon treatment with IFN-b, all IFI16-a and IFI16-b bands

became more prominent (Fig 1E). When cells were transfected with

IFI16-b isoform-specific siRNA, the fast-migrating anti-IFI16C-reac-

tive band disappeared almost completely, lending crucial support to

our argument that this band derives from endogenous IFI16-b
(Fig 1F). Collectively, these data indicated that IFI16-b protein is

expressed THP-1 cells and its expression can be further induced by

IFN-b.
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SLE is an interferonopathy in which type I IFNs are highly

induced and hyperactive [33,34]. To determine whether IFI16-b
might also be induced in SLE patients, RT–qPCR was performed

with peripheral blood mononuclear cells (PBMCs) isolated from SLE

patients and healthy subjects. Not to our surprise, both IFI16-a and

IFI16-b were significantly upregulated in PBMCs of SLE patients

(Fig 1G and H). The induction pattern was also similar to that of

ISG15, a well-known IFN-stimulated gene (Fig 1I). Thus, both IFI16-

a and IFI16-b were likely induced by type I IFNs. As a result, their

expression was aberrantly upregulated in SLE.

IFN-b inducibility of IFI16-b

Above we have shown the responsiveness of IFI16-b protein expres-

sion to IFN-b (Fig 1E) and the upregulation of IFI16-b in SLE

(Fig 1H). Multiple binding sites for STAT1 and other transcription

factors were also found in the putative IFI16-b promoter. The func-

tionality of the STAT1 sites has already been demonstrated in a

previous ChIP-seq study [41]. To verify promoter activity, we cloned

IFI16-a and IFI16-b promoter regions into pGL3 luciferase reporter.

Fig 2A indicates that the basal activity of IFI16-a promoter was

more pronounced than that of IFI16-b promoter. However, the activ-

ity of both IFI16-a and IFI16-b promoters was boosted remarkably

when HEK293T cells were infected by herpes simplex virus (HSV)-

1-DICP0, vesicular stomatitis virus (VSV)-GFP, or Sendai virus

(SeV). Because one major virus-encoded IFN antagonist had been

deleted from HSV-1-DICP0, its ability to induce IFN-b was consider-

ably higher than that of the wild-type HSV-1 [42]. Similar stimula-

tory effect was also observed when cells were treated with IFN-b or

poly (I:C) or transfected with MAVS, an essential mitochondrial

stimulator of IFN production (Fig 2A). Although the basal activity of

IFI16-b promoter was less pronounced, its inducibility by IFN-b and

other stimuli in terms of fold change was not less prominent than

that of IFI16-a. Thus, IFI16-b promoter was functional, responsive

to IFN-b and independent of IFI16-a promoter.

Consistent with the above results, the expression of both IFI16-a
and IFI16-b transcripts in THP-1 cells was potently induced by

IFN-b over a time course. However, the induction patterns of IFI16-

a and AIM2 transcripts were similar but distinct from that of IFI16-b
(Fig 2B). Likewise, IFI16-a, IFI16-b, and AIM2 transcripts were also

inducible by dsDNA90mer and HSV-1-DICP0 (Fig 2C and D).

Finally, to explore whether protein kinase C might regulate IFI16-a
and IFI16-b expression, we treated the cells with its activator

12-O-tetradecanoylphorbol-13-acetate (TPA). Whereas IFI16-a and

AIM2 mRNAs were induced by TPA most robustly at 24 and 36 h

after treatment, the induction of IFI16-b by TPA occurred earlier at

3 h and plateaued at 9 h (Fig 2E). Collectively, these results corrob-

orated the IFN-b inducibility of IFI16-b promoter and suggested that

it is regulated independently of IFI16-a promoter.

Subcellular localization of IFI16-b

Subcellular localization of IFI16-a might be critical to its function as

a nuclear and cytoplasmic DNA sensor [16,43]. The cytoplasmic

localization of IFI16-b is predicted by its lack of NLS1 and NLS2.

Indeed, whereas IFI16-a was confined to the nucleus in resting HeLa

cells, IFI16-b was predominantly found in the cytoplasm (Fig 3A,

panels 4–6 compared to 1–3). This was similar to the cytoplasmic

localization pattern of IFI16-aDNLS1, in which NLS1 had been

deleted (Fig 3A, panels 7–9). Thus, distinct from IFI16-a, IFI16-b
was a cytoplasmic protein. As such, IFI16-b co-localized substan-

tially with either ectopically expressed AIM2 in HeLa cells (Fig 3B,

panels 6–8) or endogenous AIM2 in differentiated THP-1 cells

(Fig 3C, panels 2–4). In contrast, IFI16-a and AIM2 were exclusively

present in the cytoplasm and the nucleus, respectively (Fig 3B,

panels 2–4). These results indicated the cytoplasmic localization of

IFI16-b and its co-localization with AIM2.

IFI16-b associates with STING and weakly induces
IFN-b production

The cytoplasmic fraction of IFI16 is thought to induce type I IFN

production through STING in cooperation with cGAS [20,26]. The

cytoplasmic localization of IFI16-b prompted us to investigate its

◀ Figure 1. Expression analysis of IFI16-b.

A Genome structure of IFI16-a and IFI16-b. Boxes denote exons and lines represent introns. Positions of isoform-specific primers used in RT–PCR and RT–qPCR
analysis are indicated. PYD, HIN A, and HIN B domains are also shown. Transcription of IFI16-b mRNA is driven by an alternative promoter located within intron 2
of IFI16-a.

B Distribution of IFI16-a and IFI16-b in human tissues. Human MTCTM Panels I and II (Clontech) containing cDNA templates of various human tissues were used for
RT–qPCR analysis using isoform-specific primers. Relative mRNA expression was derived from 2�DDCt by normalizing to the levels of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) transcript. Three independent biological replicates were analyzed, and error bars indicate SD.

C Distribution of IFI16-a and IFI16-b in human cell lines by isoform-specific RT–qPCR (left) and RT–PCR (right). Three independent biological replicates were analyzed
and error bars indicate SD.

D Immunoblot analysis of recombinant IFI16-a and IFI16-b expressed in HEK293T cells using anti-FLAG (a-FLAG), anti-IFI16 N-terminal (a-IFI16N), and anti-IFI16
C-terminal (a-IFI16C) antibodies.

E Induced expression of endogenous IFI16-a and IFI16-b in THP-1 cells treated with recombinant IFN-b (1000 U/ml). Both long and short exposures (exp.) of the
same IFI16 blot are shown.

F Specific knockdown of the expression of endogenous IFI16-b in THP-1 cells by a combination of two siRNAs targeting IFI16-b (siIFI16-b1+2). siNS in the non-specific
control group is an irrelevant siRNA.

G–I mRNA expression levels of IFI16-a, IFI16-b, and IFN-stimulated gene ISG15 in SLE patients and healthy individuals. Total RNA of PBMCs from SLE patients and
healthy individuals (n = 24) was isolated and reverse-transcribed into first-strand cDNA. The expression of IFI16-a, IFI16-b, and ISG15 mRNAs was determined by
RT–qPCR. Results were presented as dot plots showing the spread of data with the medians as well as upper and lower quartiles indicated by the three horizontal
bars. Student’s t-test was performed to assess statistical significance of the differences between SLE patients and healthy subjects, with P values lower than 0.001
highlighted by ***.

Data information: Three independent immunoblotting experiments were carried out with similar results.
Source data are available online for this figure.

4 of 21 EMBO reports 19: e45737 | 2018 ª 2018 The Authors

EMBO reports IFI16-b inhibits AIM2 inflammasome Pei-Hui Wang et al



A

B C D E

Figure 2. Induction patterns of IFI16-a and IFI16-b.

A Promoter analysis and induction patterns. IFI16-a (nucleotides �2278 to �10, with translation start site set as 1) and IFI16-b (nucleotides �2532 to �1) promoters
were individually cloned into pGL3 luciferase reporter construct to generate IFN16-a-luc and IFI16-b-luc. Their promoter activities in HEK293T cells were measured
by dual-luciferase assay. Cells were infected with HSV-1-DICP0 (MOI = 5), VSV-GFP (MOI = 0.01), or SeV (80 HA/ml), treated with IFN-b (1,000 U/ml), or transfected
with MAVS plasmid or poly (I:C) (1.0 lg/ml). The activity recovered from the mock-treated group transfected with pGL3 empty vector alone was set as 1. The
differences between the indicated group and the mock were statistically significant as judged by Student’s t-test (*P < 0.05, **P < 0.01 and ***P < 0.001).

B–E Temporal expression profiles of IFI16-a, IFI16-b, and AIM2 in THP-1 cells treated with recombinant IFN-b (1,000 U/ml), transfected with dsDNA90mer (1.0 lg/ml),
infected with HSV-1-DICP0 (MOI = 5), or treated with TPA (200 nM). Cells were harvested at the indicated time points for total RNA extraction. IFI16-a, IFI16-b,
and AIM2 transcripts were determined by RT–qPCR. The differences between the indicated group and the control at time zero were statistically significant as
judged by Student’s t-test (*P < 0.05, **P < 0.01 and ***P < 0.001).

Data information: All bars represent the means � SD (n = 3).
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Figure 3. Subcellular localization of IFI16-a/b and their co-localization with AIM2.

A Subcellular localization. HeLa cells were transfected individually with plasmids pcDNA6-IFI16-a-eGFP, pcDNA6-IFI16-b-eGFP, and pcDNA6-IFI16-aDNLS1-eGFP. After
36 h, cells were fixed, stained, and subjected to confocal microscopy. Nuclei were visualized with DAPI (blue). Scale bar, 20 lm.

B Co-localization of IFI16-b but not IFI16-a, with AIM2 in the cytoplasm. Plasmid pcDNA6-IFI16-a-GFP or pcDNA6-IFI16-b-GFP was co-transfected into HeLa cells
together with pcDNA3.1-AIM2-V5. After 36 h, cells were fixed with 4% paraformaldehyde. After blocking, cells were incubated with mouse anti-V5 and then goat anti-
mouse IgG conjugated to tetramethylrhodamine (red) to stain for AIM2. Co-localization in the merged image is in yellow. Scale bars, 20 lm.

C Co-localization of IFI16-b with endogenous AIM2 in THP-1-derived macrophages. THP-1 cells were transfected with IFI16-b-FLAG plasmid. After 24 h, cells were
treated with 200 nM of TPA for another 24 h to induce differentiation into macrophages. Cells were cultured for an additional 24 h in the absence of TPA and then
fixed with 4% paraformaldehyde. After blocking, cells were incubated with mouse anti-FLAG (M2) and rabbit anti-AIM2 antibodies overnight at 4°C. After washing,
the cells were incubated with tetramethylrhodamine-labeled goat anti-mouse IgG (red) to stain for IFI16-b and with fluorescein-labeled goat anti-rabbit IgG (green)
to stain for endogenous AIM2. Scale bar, 20 lm.

Data information: Two independent experiments were performed with similar results.
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impact on IFN-b induction. In our setting, both IFI16-a and IFI16-b
were found to activate luciferase reporter gene expression driven by

IFN-b promoter (IFN-b-luc), IRF3-binding elements (IRF3-luc), and

IFN-stimulated response elements (ISRE-luc) only in HEK293 cells

overexpressing either STING alone or STING plus cGAS (Fig 4A),

indicating the requirement of STING and cGAS for their optimal

induction of IFN-b. Notably, the IFN-b-inducing activity of IFI16-b
was less pronounced than that of IFI16-a. In line of this, specific

knockdown of IFI16-b by siRNAs exhibited a mild suppressive effect

on dsDNA90mer-induced activation of IFN-b and ISG54 mRNA

expression in both THP-1 cells (Fig 4B) and human primary mono-

cyte-derived macrophages (MDMs) derived from three different

donors (Fig 4C and Appendix Fig S1). Generally consistent with the

previous finding that the PYD-deleted mutant of IFI16-a was less

competent in its cooperation with cGAMP or STING in the activation

of IFN-b production [20], our results suggested IFI16-b to be a weak

IFN-b inducer.

Because the weak IFN-b-inducing activity of IFI16-b in HEK293

cells was only observed in the presence of STING (Fig 4A), we asked

whether IFI16-b might also interact with STING. Co-immunoprecipi-

tation was performed, and IFI16-b was found in the precipitates that

contain human or mouse STING (Fig 4D). Similar STING-binding

ability was also seen with IFI16-a and two other mouse PYHIN

proteins p204 and p202. However, the PYD domain of IFI16-a was

not sufficient for the binding with STING (Fig 4D, right panel).

Consistent with the binding between IFI16-b and STING, IFI16-b co-

localized with STING in HeLa cells and the co-localization was even

more pronounced when cGAS was also overexpressed (Fig 4E).

Notably, the discrete punctate staining pattern of STING in the cyto-

plasm of these cells was compatible with the notion that aggregate

formation was required for its activation [44–46]. Thus, IFI16-b
interacts with and activates STING for type I IFN production.

IFI16-b interacts with AIM2 to impede AIM2-ASC association

AIM2 inflammasome activation relies on the assembly of multi-

protein complexes containing a sensor protein such as AIM2, the

adaptor protein ASC, and procaspase-1 [3]. Previous studies have

shown that mouse p202 harnesses its HIN domains to physically

interact with AIM2 and inhibit its activity [28–30]. To determine

how IFI16-b structurally related to p202 (Fig 5A) might affect

AIM2 inflammasome activation, co-immunoprecipitation experiments

were performed. Both IFI16-a and IFI16-b were detected in the

AIM2 immunoprecipitates (Fig 5B). We noted that AIM2-associated

IFI16-b was apparently more abundant than AIM2-associated IFI16-a
(Fig 5B, lane 3 compared to 1), suggesting that AIM2 might prefer-

entially form a complex with IFI16-b. This was in agreement with

the data showing co-localization of AIM2 and IFI16-b (Fig 3B

and C). The absence of AIM2 in the PYD-FLAG-containing

immunoprecipitates further indicated that the interaction of AIM2

with IFI16-a was not mediated by PYD (Fig 5C). Given that the

activation of AIM2 inflammasome requires the recruitment and

clustering of ASC mediated by homotypic PYD interaction between

AIM2 and ASC, we reasoned that the binding of IFI16-b to AIM2

might create steric hindrance that impedes AIM2-ASC interaction.

To test this model, competitive co-immunoprecipitation was

carried out. Indeed, enforced expression of either IFI16-b or p202

resulted in diminution of ASC being detected in the AIM2 immuno-

precipitates (Fig 5D, lanes 3–6 compared to 2), suggesting that

IFI16-b might function in a manner similar to p202.

To extend our analysis to endogenous proteins in immune cells,

reciprocal co-immunoprecipitation was carried out with cytosolic

and nuclear fractions of THP-1-derived macrophages. Whereas

IFI16-b and AIM2 were primarily cytosolic, IFI16-a was concen-

trated in the nucleus. Immunoprecipitation with either mouse anti-

IFI16C antibody recognizing endogenous IFI16-a and IFI16-b or

mouse anti-AIM2 antibody reacting with endogenous AIM2 revealed

that AIM2 and IFI16-b in the cytosolic fraction form a complex

(Fig 5E, middle and right panels). Similar observation was also

made in HeLa cells overexpressing IFI16-b and then treated with

IFN-b to induce the expression of AIM2 (Fig 5F). Notably, although

IFI16-a interacted with AIM2 in overexpression experiments

performed in HEK293T (Fig 5B and C) and HeLa (Fig 5F) cells, they

were in different subcellular fractions and therefore did not appear

▸Figure 4. Role of IFI16-b in dsDNA-induced IFN-b production.

A IFI16-b is a weak activator of IFN-b production in HEK293 cells. Cells were transfected with the indicated combinations of plasmids expressing IFI16-a (450 ng),
IFI16-b (450 ng), STING (20 ng) and cGAS (20 ng) together with IFNb-luc, IRF3-luc or ISRE-luc reporter (20 ng). pcDNA6 empty vector was used to equalize the total
amount of transfected DNA. Dual-luciferase assays were performed 36 h after transfection. Three independent biological replicates were analyzed, and error bars
indicate SD. The differences between the indicated groups were judged to be either statistically significant (**P < 0.01 and ***P < 0.001) or not significant (NS) by
Student’s t-test.

B Knockdown of endogenous IFI16-b in THP-1 cells impairs dsDNA-induced IFN-b and ISG54 expression. Cells cultured in six-well plates were transfected with 1 ll of
either an irrelevant (siNS) or IFI16-targeting siRNA (100 mM) as indicated. After 48 h, THP-1 cells were transfected with dsDNA90mer (1,000 ng/ml) for 9 h and then
collected for RT–qPCR analysis. Three independent biological replicates were analyzed and error bars indicate SD. The differences between the indicated group and
the siNS control were statistically significant as judged by Student’s t-test (**P < 0.01 and ***P < 0.001).

C Knockdown of IFI16-b in human MDMs diminishes dsDNA-induced IFN-b and ISG54 expression. Human MDMs cultured in 24-well plates were repeatedly transfected
with 0.5 ll of the indicated siRNA (100 mM) for three times with a 24-h interval. After another 24 h, human MDMs were transfected with dsDNA90mer (1,000 ng/
ml) twice with a 6-h interval. Human MDMs were then collected for RT–qPCR analysis. Three independent biological replicates were analyzed, and error bars indicate
SD. The differences between the indicated group and the siNS control were statistically significant as judged by Student’s t-test (**P < 0.01 and ***P < 0.001).

D IFI16-b interacts with STING. The indicated combinations of expression plasmids for human STING-HA (hSTING-HA or STING-HA; 1,000 ng), mouse STING-HA
(mSTING-HA; 1,000 ng), IFI16-a-FLAG (9,000 ng), IFI16-b-FLAG (9,000 ng), PYD-FLAG (9,000 ng), mouse p204-FLAG (9,000 ng), and mouse p202-FLAG (9,000 ng) were
transfected into HEK293T cells. After 48 h, cells were harvested and lysed. Immunoprecipitation (IP) was carried out with mouse anti-HA or anti-FLAG antibody.

E Co-localization of IFI16-b with STING. IFI16-b-GFP and STING-HA plasmids were co-transfected with or without cGAS plasmid into HeLa cells. After 36 h, cells were
fixed, blocked, and then incubated initially with mouse anti-HA for 12 h at 4°C and subsequently with goat anti-mouse IgG conjugated to tetramethylrhodamine
(red) to stain for STING-HA. Nuclear morphology was revealed with DAPI (blue). Scale bars, 20 lm.

Data information: Immunoblotting and confocal imaging results are representative of two independent experiments.
Source data are available online for this figure.
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in the same precipitate derived from differentiated THP-1 cells

(Fig 5E). Furthermore, when we increased the expression of IFI16-a
or IFI16-b in differentiated THP-1 cells, the amount of ASC protein

detected in the anti-AIM2 precipitate decreased progressively

(Fig 5G, lanes 2 and 3 compared to 1 or lanes 5 and 6 compared to

4). Consistent with previous reports on p202 [28–30], these results

suggested that IFI16-b was capable of impeding AIM2-ASC interac-

tion and AIM2 inflammasome complex assembly in a manner simi-

lar to p202.

IFI16-b binds with dsDNA to suppress AIM2-mediated
dsDNA sensing

Both AIM2 and IFI16-a can directly bind with dsDNA [3]. IFI16-b
not only contains the complete HIN A and HIN B domains for

dsDNA binding but also co-localizes with AIM2 in the cytoplasm

(Fig 3B and C). With this in mind, we asked whether IFI16-b might

influence the binding of dsDNA to AIM2. Streptavidin beads

were incubated with lysates of HEK293T cells transfected with

biotinylated dsDNA90mer and different combinations of IFI16 plas-

mids to affinity-purify DNA–protein complex. Both IFI16-a and

IFI16-b were detected in a complex containing biotinylated

dsDNA90mer (Fig 6A). This was consistent with the previous

finding that HIN A and HIN B domains but not PYD can bind with

dsDNA [7,47]. The IFI16-b band detected in the dsDNA complex

was more prominent, suggesting that it might bind tightly to dsDNA.

Consistently, both AIM2 and IFI16-b were pulled down by biotiny-

lated dsDNA90mer (Fig 6B). Competition experiments indicated that

non-biotinylated dsDNA90mer could effectively compete with

biotinylated dsDNA90mer for binding with AIM2 and IFI16-b
(Fig 6B). Notably, more IFI16-b than AIM2 was detected in the pull-

down complex, suggesting that IFI16-b might bind with a higher

affinity to dsDNA than AIM2 (Fig 6B). These results are consistent

with the previous finding that recombinant proteins containing the

HIN A and HIN B domains only were capable of binding to dsDNA

more robustly than AIM2 [7,15,29,30,47]. To determine whether

IFI16-b could affect the binding of AIM2 to dsDNA, IFI16-b and

AIM2 were co-expressed in HEK293T cells. In agreement with results

presented above, increasing expression of IFI16-b correlated with

diminished amounts of AIM2 detected in the DNA–protein complex

containing biotinylated dsDNA90mer (Fig 6C, lanes 5 and 6

compared to 4), suggesting that IFI16-b might compete with AIM2

for dsDNA binding. In keeping with this notion, when the expression

of AIM2 was enhanced, less IFI16-b was found in the dsDNA90mer-

AIM2 complex (Fig 6C, lanes 11 and 12 compared to 10).

To verify our finding, protein–dsDNA co-immunoprecipitation

was also carried out. In this experiment, fixed amount of AIM2 and

increasing dose of IFI16-b were expressed in HEK293T cells, which

were further transfected with dsDNA90mer. Cells were harvested

and cellular proteins were cross-linked with DNA. FLAG-tagged

AIM2 and IFI16-b proteins were immunoprecipitated. The bound

DNA was purified and analyzed by PCR and qPCR. An enrichment

of dsDNA90mer was found in the immunoprecipitated complexes

containing FLAG-tagged AIM2 and IFI16-b when compared with

GFP (Fig 6D, top right panel, lanes 2 and 3 compared to 1). When

increasing amount of V5-tagged IFI16-b was co-expressed with fixed

amount of FLAG-tagged AIM2, the levels of dsDNA90mer detected

in the DNA–protein complex decreased (Fig 6D, lanes 4 and 5

compared to 3). Similar results were also obtained from qPCR analy-

sis (Fig 6D, bottom right panel). These data were generally compati-

ble with the competition of IFI16-b with AIM2 for dsDNA binding.

Our experiments corroborated with each other to indicate the ability

of IFI16-b to compete with AIM2 to suppress dsDNA sensing.

IFI16-b inhibits dsDNA-induced AIM2 inflammasome activation

The suppression of AIM2-ASC (Fig 5) and AIM2-dsDNA (Fig 6)

interaction by IFI16-b suggests that it might inhibit AIM2 inflamma-

some activation. To verify this, we reconstituted AIM2 inflamma-

some activation pathway in HEK293T cells by transiently

overexpressing AIM2, ASC, procaspase-1, and pro-IL-1b. Cleavage
of pro-IL-1b and secretion of mature IL-1b were monitored by

▸Figure 5. IFI16-b interacts with AIM2 to impede AIM2-ASC complex formation.

A Domain structure of AIM2, p202, IFI16-a, and IFI16-b. PYDs and the HIN domains (A, B or C) are indicated.
B IFI16-b interacts with AIM2. A plasmid expressing FLAG-tagged AIM2 was co-transfected with IFI16-a-V5 or IFI16-b-V5 plasmid into HEK293T cells. After 48 h, cells

were harvested and lysed. Immunoprecipitation (IP) was carried out with mouse anti-FLAG antibody. Input proteins were analyzed by immunoblotting with mouse
anti-FLAG or anti-V5 antibody. Immunoprecipitates were probed with rabbit anti-FLAG or anti-V5 antibodies.

C IFI16 HIN domains, but not PYD, are required for interaction with AIM2. AIM2-V5 plasmid was co-transfected with IFI16-a-FLAG, IFI16-b-FLAG, or IFI16 PYD-FLAG
construct into HEK293T cells. After 48 h, cells were harvested and lysed. Co-immunoprecipitation was carried out with mouse anti-V5 antibody. Input proteins were
analyzed by immunoblotting with mouse anti-FLAG. Immunoprecipitates were probed with rabbit anti-V5 antibodies.

D Overexpression of IFI16-b inhibits AIM2-ASC complex formation in HEK293T cells. Cells were co-transfected with the indicated combinations of expression plasmids
for AIM2-V5, ASC-HA, IFI16-b-FLAG, and p202-FLAG. After 48 h, cells were harvested and lysed. Immunoprecipitation was carried out with mouse anti-V5 antibody.
Input proteins were analyzed by immunoblotting with mouse anti-FLAG, anti-HA, or anti-V5 antibody. Immunoprecipitates were probed with rabbit anti-FLAG, anti-
HA, or anti-FLAG antibodies.

E Interaction between endogenous IFI16-b and AIM2 proteins in THP-1-derived macrophages. THP-1 cells were differentiated into macrophages by overnight treatment
with TPA (200 nM). Cells were harvested for cytosolic and nuclear fractionation. Immunoprecipitation was performed using mouse anti-IFI16C or anti-AIM2 antibody.
Mouse anti-HA served as a control. The immune complexes were detected by immunoblotting with rabbit anti-IFI16N or anti-AIM2 antibodies.

F Association of IFI16-b with endogenous AIM2 in HeLa cells. HeLa cells were transfected with the indicated combinations of plasmids expressing IFI16-a-FLAG, IFI16-b-
FLAG, and GFP-FLAG. Cells were then stimulated with IFN-b (1,000 U/ml) to induce endogenous AIM2 expression. After 48 h, cells were harvested and lysed.
Immunoprecipitation was carried out with mouse anti-FLAG or anti-AIM2 antibody. Immunoprecipitates were probed with rabbit anti-FLAG or anti-AIM2 antibodies.

G Overexpression of IFI16-b impedes AIM2-ASC complex formation in THP-1 cells. Cells were transfected with increasing doses of IFI16-a-FLAG, IFI16-b-FLAG, or GFP-
FLAG plasmids. After 24 h, cells were differentiated into macrophages by overnight treatment with TPA (200 nM). Cells were then harvested and lysed. Endogenous
AIM2 was immunoprecipitated using mouse anti-AIM2 antibody. The immune complexes were probed with rabbit anti-ASC or anti-AIM2 antibodies.

Data information: Three independent experiments were carried out with similar results.
Source data are available online for this figure.
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immunoblotting. The amount of IL-1b protein in the culture super-

natant was also measured by ELISA. Detection of IL-1b in the lysate

and supernatant of AIM2-expressing cells confirmed that the recon-

stitution was successful (Fig 7A, lane 2 compared to 1). When we

increased the expression of IFI16-b in this system, AIM2-induced

pro-IL-1b cleavage and IL-1b secretion as shown by immunoblotting

and ELISA were dampened (Fig 7A, lanes 3 and 4 compared to 2).

Furthermore, analysis of pro-IL-1b cleavage using the pro-IL-1b-
Gaussia luciferase (iGluc) reporter assay, in which inflammasome

activation can be measured by luciferase activity [48], revealed that

overexpression of IFI16-b specifically inhibited AIM2- but not NLRP3-

induced inflammasome activation in HEK293T cells (Fig 7B).

To verify our findings obtained in the above surrogate models,

inflammasome activation was further studied in differentiated THP-

1 cells, which have been widely used to study AIM2 activity [5,6].

AIM2 and IFI16-b proteins were expressed in THP-1 cells, which

were subsequently differentiated into microphages with TPA and

further transfected with dsDNA90mer. This resulted in IL-1b secre-

tion as detected by ELISA and immunoblot analysis of culture super-

natant (Fig 7C). To confirm the role of AIM2 in dsDNA-induced

inflammasome activation in these cells, we employed specific AIM2

and NRLP3 inflammasome inhibitors ODN-A151 and MCC950,

respectively [49,50]. Indeed, whereas ODN-A151 was fully compe-

tent in the suppression of IL-1b secretion induced by dsDNA90mer,

MCC950 exhibited no suppressive effect (Appendix Fig S2A). In

contrast, inflammasome activation by nigericin was totally depen-

dent on NLRP3 but not AIM2 (Appendix Fig S2B). Accordingly,

knockdown of AIM2 or either isoform of IFI16 had no influence on

nigericin-induced IL-1b secretion (Appendix Fig S2C). These results

validated the use of differentiated THP-1 cells for the study of AIM2

inflammasome activation. Whereas overexpression of AIM2 further

enhanced dsDNA90mer-induced IL-1b secretion in these cells, over-

expression of IFI16-b mitigated basal and AIM2-dependent secretion

of IL-1b (Fig 7C). Thus, IFI16-b inhibited AIM2 inflammasome acti-

vation in differentiated THP-1 cells.

To establish the physiological role of endogenous IFI16-b in

AIM2 inflammasome activation, loss-of-function experiments were

also performed in differentiated THP-1 cells and human MDMs.

Two independent siRNAs specifically targeting IFI16-b (siIFI16-b1
and siIFI16-b2) were employed to silence the expression of endoge-

nous IFI16-b in differentiated THP-1 cells. The effectiveness of these

two siRNAs to deplete endogenous IFI16-b expression at both

mRNA and protein levels was verified. The silencing effect was

highly specific since only IFI16-b was affected but the levels of

IFI16-a mRNA and protein remained unchanged (Fig 1F and

Appendix Fig S3A). For comparison, siRNAs specifically targeting

IFI16-a and AIM2 were included as controls. When AIM2 was

knocked down in differentiated THP-1 cells, IL-1b and IL-18 secretion

in response to dsDNA90mer, VACV70mer, nelfinavir, and infection

with Listeria monocytogenes was blunted. However, the secretion was

unaffected when cells were transfected with poly (I:C) or infected with

VSV-GFP or HSV-1-GFP (Fig 8). These results were generally in keep-

ing with previous reports on the requirement of AIM2 for inflamma-

some activation induced by dsDNA, nelfinavir, and L. monocytogenes

[8,9,12,17,51]. Also consistent with previous publications [3,9,51],

silencing of endogenous IFI16-a only affected IL-1b secretion triggered

by HSV-1 infection but not by other stimuli tested. Of note, when

endogenous IFI16-b was depleted in differentiated THP-1 cells, the

secretion of IL-1b and IL-18 induced by dsDNA90mer, VACV70mer,

nelfinavir, or L. monocytogenes was augmented. In contrast, the

depletion of IFI16-b had no influence on IL-1b or IL-18 secretion

induced by poly (I:C), VSV-GFP or HSV-1-GFP (Fig 8).

The controversy surrounding the role of AIM2 in inflammasome

activation in human primary myeloid cells [4,11] prompted us to

perform similar loss-of-function assays in human primary monocyte-

derived macrophages (MDMs). As a first step, we confirmed that

mRNA expression of AIM2, IFI16-a, and IFI16-b could be specifically

and effectively silenced in MDMs (Appendix Fig S3B). The cells were

then primed with lipopolysaccharide (LPS) and stimulated with

dsDNA90mer, poly (I:C), nelfinavir, or L. monocytogenes. Similar to

results obtained in differentiated THP-1 cells, less IL-1b and IL-18

were detected in the culture supernatant of AIM2-knockdown human

MDMs transfected with dsDNA90mer, treated with nelfinavir or

infected with L. monocytogenes. In contrast, IFI16-b knockdown in

▸Figure 6. IFI16-b binds dsDNA to prevent it from binding to AIM2.

A IFI16-a and IFI16-b, but not PYD, were pulled down by biotinylated dsDNA90mer (biotin-90mer). Plasmids expressing the indicated proteins were transfected into
HEK293T. After 24 h, cells were further transfected with biotinylated dsDNA90mer. After another 3 hours, cells were lysed and biotin–DNA pull-down assay was
carried out using streptavidin agarose.

B IFI16-b and AIM2 were pulled down by biotinylated dsDNA90mer. The indicated proteins were overexpressed in HEK293T cells. After 24 h, biotinylated or non-
biotinylated dsDNA90mer was delivered into cells. Three hours later, cells were lysed and biotin–DNA pull-down assay was carried out.

C IFI16-b competes with AIM2 for dsDNA binding. HEK293T cells were transfected with plasmids expressing the indicated proteins. After 24 h, cells were further
transfected with biotinylated dsDNA90mer. Three hours later, cells were harvested and lysed. Biotin–DNA pull-down assay was carried out by incubating 10 ll
streptavidin agarose with cell lysate for 3 h at 4°C. The agarose beads were washed five times with lysis buffer and then boiled in SDS–PAGE sample buffer. The
precipitated proteins were visualized by immunoblotting with mouse anti-FLAG antibody.

D Binding of IFI16-b and AIM2 with dsDNA90mer and inhibition of AIM2 binding with dsDNA90mer by IFI16-b. HEK293T cells were transfected with plasmids
expressing the indicated proteins. After 24 h, cells were further transfected with dsDNA90mer (1,000 lg/ml). After another 3 h, cells were fixed for 5 min in 4%
paraformaldehyde and quenched with 1 M Tris–Cl pH 7.4 for 5 min at room temperature. Fixed cells were washed with PBS and lysed in lysis buffer (50 mM Tris–Cl
pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% NP-40, and 1.25% Triton X-100). Immunoprecipitation was carried out with mouse anti-FLAG antibody at 4°C overnight.
Immunoprecipitated complexes were washed five times with lysis buffer and then diluted in elution buffer (10 mM Tris–Cl, 1 mM EDTA and 0.65% SDS). To reverse
the crosslinking, samples were incubated overnight at 65°C and then treated with 20 lg/ml RNase A for 30 min at 37°C. Proteins were digested with 10 lg/ml
proteinase K for 2 h at 45°C. DNA was purified by Wizard® SV Gel and PCR Clean-Up System as per the manufacturer’s instructions. The bound dsDNA90mer was
detected by PCR and qPCR with previously described specific primers [62]. Three independent biological replicates were analyzed and error bars indicate SD. The
differences between the indicated groups were statistically significant as judged by Student’s t-test (**P < 0.01 and ***P < 0.001).

Data information: Three independent experiments were performed with similar results.
Source data are available online for this figure.
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these cells potentiated IL-1b and IL-18 secretion under the same condi-

tions. Neither AIM2 nor IFI16-b was influential on poly (I:C)-induced

IL-1b and IL-18 secretion (Fig 9). Interestingly, the effect of IFI16-b

depletion was opposite to that of AIM2 suppression. Together, our

results consistently demonstrated the inhibition of dsDNA-induced

AIM2 inflammasome activation by IFI16-b.

A B

C

Figure 7. Overexpression of IFI16-b inhibits dsDNA-induced AIM2 inflammasome activation.

A Reconstitution of AIM2 inflammasome activation in HEK293T cells by co-transfection of AIM2, ASC, procaspase-1, and pro-IL-1b plasmids. Mature IL-1b secreted into
the culture supernatants was detected by immunoblotting and ELISA (**P < 0.01 by Student’s t-test).

B HEK293T cells were transiently transfected with plasmids expressing iGLuc (50 ng), procaspase-1 (5 ng), ASC (5 ng), and either AIM2 (50 ng) or NLRP3 (50 ng).
Increasing doses of IFI16-b plasmid (50 ng in lanes 3 and 6, and 150 ng in lanes 4 and 7) were co-transfected. Empty vector pcDNA6 was used to balance total
amount of transfected DNA. Cell lysates were assessed 24 h after transfection for luciferase activity. RLU, relative luciferase unit (**P < 0.01 by Student’s t-test).

C THP-1 cells were transfected with plasmids expressing the indicated proteins for 24 h and then differentiated by treatment with 10 nM TPA for 12 h. Cells were
cultured with fresh medium without TPA for 12 h and transfected with dsDNA90mer (4.0 lg/ml). After another 12 h, cells were harvested for immunoblot analysis
and the culture supernatants were collected for the detection of mature IL-1b secretion by ELISA (**P < 0.01 by Student’s t-test).

Data information: Three independent biological replicates were analyzed and error bars indicate SD.
Source data are available online for this figure.
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Figure 8. Knockdown of endogenous IFI16-b, but not IFI16-a augmented cytoplasmic dsDNA-induced IL-1b and IL-18 secretion in differentiated THP-1 cells.

THP-1 cells were transfected with the indicated siRNA. After 12 h, THP-1 cells were differentiated intomacrophages by treatment with 10 nM TPA for another 24 h. Cells were
cultured for an additional 12 h without TPA. siRNA-transfected cells were further transfected with dsDNA90mer (4.0 lg/ml), transfected with VACV70mer (4.0 lg/ml),
transfected with poly (I:C) (4.0 lg/ml), infected with VSV-GFP (MOI = 0.01), infected with HSV-1-GFP (MOI = 5), exposed to nelfinavir (50 lM), or infected with Listeria
monocytogenes (L. m., MOI = 5). After another 12 h, culture supernatants were collected for the detection of mature TNF-a, IL-18, and IL-1b by ELISA. Three independent
biological replicates were analyzed, and error bars indicate SD (**P < 0.01 and ***P < 0.001 by Student’s t-test).
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Discussion

In this study, we have identified a novel transcript isoform of

human IFI16-designated IFI16-b and provided multiple lines of

evidence to support structural and functional similarities

between human IFI16-b and mouse p202. IFI16-b mRNA tran-

scribed from an alternative promoter was widely expressed in

different tissues and cells. Its expression was induced by IFN-b
and other stimuli such as TPA. IFI16-b protein was translated

and co-localized with AIM2 in the cytoplasm. IFI16-b also inter-

acted with STING. Compared to IFI16-a, IFI16-b served as a

weaker inducer of type I IFN production. More importantly,

IFI16-b interacted with AIM2 and impeded its binding with ASC

and dsDNA, leading to the inhibition of AIM2 inflammasome

activation. Our findings revealed another level of negative regu-

lation on AIM2 activity.

AIM2 is a key cytoplasmic DNA sensor that activates inflamma-

some [3]. Although DNA-induced inflammasome activation in

human myeloid cells has recently been shown to be mediated

through an AIM2-independent cGAS-STING-NLRP3 pathway [4], it

is also well established that AIM2 is required for inflammasome

activation in many physiological and pathological conditions

such as infection with various DNA viruses including HSV-1,

infection with bacteria including L. monocytogenes and disruption

of nuclear integrity by nelfinavir [9–12]. Dysregulation of AIM2

inflammasome activation has been implicated in various diseases,

such as vascular inflammation, psoriasis, pyogenic arthritis,

pyoderma gangrenosum, and cryopyrin-associated periodic

syndromes (CAPS) [50–52]. Mouse p202 has emerged as a major

negative regulator of AIM2 but a similar human protein that

contains HIN domains only has not been identified. Additional

negative regulators of AIM2 such as Pyrin-only proteins (POPs),

CARD-only proteins (COPs), and TRIM11 have also been reported

recently [52,53]. Particularly, POP1 and POP3 inhibit AIM2

inflammasome activation by interfering with PYD-PYD interaction

[50,51]. These regulators might cooperate with each other to put

AIM2 activation under control so that severe pathogenic inflamma-

tion will not be aggravated. A better understanding of the negative

regulation of AIM2 inflammasome activation might reveal new

strategies for anti-inflammatory therapy. In this regard, our demon-

stration of IFI16-b as a new inhibitor of AIM2 inflammasome acti-

vation might derive new knowledge for design and development of

anti-inflammatory agents.

Mouse p202 negatively regulates AIM2 inflammasome activation

through at least two mechanisms. On the one hand, p202 binds

with dsDNA with higher affinity than AIM2 does [28–30]. On the

other hand, p202 interacts with the HIN domains of AIM2 to

prevent AIM2 oligomerization and ASC clustering [29,30]. In this

study, we not only demonstrated structural similarity between

IFI16-b and p202 but also obtained several lines of evidence to

support that human IFI16-b is a functional homolog of mouse p202.

First, IFI16-b binds dsDNA with higher affinity. Second, IFI16-b
interacts with AIM2. Finally, IFI16-b functions as an inhibitor of

dsDNA-induced AIM2 inflammasome activation. Given that mouse

p202 is an SLE susceptibility locus [31] and IFI16-b was also upreg-

ulated in SLE patients, it would be of great interest to elucidate

whether and how IFI16-b might contribute to SLE pathogenesis.

p202 has previously been shown to be capable of translocating into

the nucleus for the regulation of cell cycle and cellular response to

growth factors through its direct interaction with transcription

factors such p53, NF-jB, AP1, and E2F [3]. Whether IFI16-b might

serve similar function under physiological condition requires

further investigations.

Figure 9. Knockdown of endogenous IFI16-b, but not IFI16-a augmented
cytoplasmic dsDNA-induced IL-1b and IL-18 secretion in human MDMs.

Human MDMs (2.5 × 105/ml) cultured in 24-well plates were repeatedly
transfected with 0.5 ll of indicated siRNA for three times at 24-h intervals. After
another 6 h, human MDMs were primed with LPS (1 lg/ml) for 6 h and then the
culture medium was replaced with fresh RPMI1640. Two groups of cells were
transfected twice with dsDNA90mer (4.0 lg/ml) and poly (I:C) (4.0 lg/ml),
respectively, at 6-h intervals. The other two groups of cells were infected with
Listeria monocytogenes (L.m., MOI = 5) or exposed to nelfinavir (50 lM) at 6 h
after the change of medium. After another 12 h, culture supernatants were
collected for detection of mature TNF-a, IL-18, and IL-1b by ELISA. Results were
obtained from human MDMs derived from four different donors and presented
as dot plots showing the distribution of data with the medians as well as upper
and lower quartiles indicated by the three horizontal bars (**P < 0.01 and
***P < 0.001 by Student’s t-test). Two independent experiments were performed
with similar results.
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The biological function of IFI16-a as a DNA sensor to activate

type I IFN production and to modulate inflammasome activation

remains obscure. IFI16-a might sense replicating DNA of viruses in

the nucleus leading to AIM2-independent activation of inflamma-

some [17,18,49]. Whether and how IFI16-b might affect this process

are not understood. Particularly, it will be of interest to see whether

IFI16-b might interact with IFI16-a and sequester it in the cytoplasm.

In fact, IFI16-a has also been shown to interact with AIM2 in the

cytoplasm and inhibit DNA-induced activation of AIM2 inflamma-

some [54]. Further analysis is required to clarify whether IFI16-b
might cooperate with IFI16-a to exert this function. Under some

circumstances such as viral infection and inhibition of deacetylases,

a portion of IFI16-a could translocate into the cytoplasm, bind with

dsDNA using its HIN domains, and induce STING-dependent type I

IFN expression [15,16,23,43]. Cooperation between IFI16-a and

cGAS as well as potentiation of cGAMP production and function by

IFI16-a has also been described [20,26]. IFI16-b does not contain any

NLS of IFI16-a and is therefore constitutively cytoplasmic. In our

setting, IFI16-b displayed a weak stimulatory effect on IFN-b produc-

tion. Exactly how this weak IFN-inducing activity might be achieved

remains to be determined. The phenotype of mice deficient of all 13

AIM2-like PYHIN proteins indicated that p202 might not be abso-

lutely required for DNA-induced type I IFN production [27].

However, currently we could not exclude the possibility that the lack

of influence on DNA-induced IFN expression in these mutant mice

might be attributed to simultaneous deletion of multiple positive and

negative regulators [55]. In addition to AIM2 and IFI16-a, whether

IFI16-b might interact with other human PYHIN proteins IFIX and

MNDA to modulate their activity merits further analysis.

In our study, IFI16-b was shown to interact with STING, AIM2,

and dsDNA. As discussed above, the impact of IFI16-b on AIM2

inflammasome activity is likely attributed at least in part to its inter-

action with AIM2 and dsDNA. Our results are also consistent with

the notion that IFI16-b is influential on AIM2-dependent and

NLRP3-independent inflammasome activation in our experimental

setting. Whether the weak type I IFN-inducing activity of IFI16-b
might be ascribed to its interaction with STING, cGAS, or IFI16-a
requires further exploration.

Several additional functions of IFI16-a unrelated to innate

immune response have also been described [56]. IFI16-a restricts

HSV-1 and HCMV replication by preventing the transcription of viral

genes [19,57,58]. IFI16-a also inhibits human papillomavirus 18

transcription through epigenetic modification of viral promoters

[59]. In addition, IFI16-a interacts with p53 and BRCA1 to modulate

transcription and DNA repair [18,56]. Given that IFI16-b has the

same HIN A and HIN B domains as IFI16-a, it will be of interest to

determine whether IFI16-b might also be involved in these

processes.

We also noticed that the expression level of IFI16-b was much

lower than that of IFI16-a in resting and stimulated THP-1 cells.

Despite this, IFI16-b was still able to inhibit dsDNA-induced activa-

tion of AIM2 inflammasome. In addition, dose-dependent inhibition

of AIM2 inflammasome activation by IFI16-b was also observed.

Notably, the expression level of p202 is very low and it is even

barely detectable in some mouse strains such as C57BL/6 [14,28].

p202 and IFI16-b not only inhibit AIM2 activity through effective

competition for dsDNA binding but they can also create steric

hindrance to impede AIM2 oligomerization [29,30]. Plausibly, one

molecule of p202 or IFI16-b was capable of perturbing the formation

of a large multi-subunit inflammasome complex [28]. Thus, the

inhibitory effect of p202 and IFI16-b on AIM2 activity could be

amplified [29,30,50]. The low expression level of IFI16-b in resting

cells may ensure that the acute phase of host defense would not be

affected. However, IFI16-b was induced by IFN-b and other stimuli

such as TPA. This might therefore contribute to the brake of

inflammasome activation during the resolution phase of inflamma-

tion following viral or bacterial infection. Some of these issues

might be clarified by specific knockout of IFI16-b in human cells

and animal models.

Materials and Methods

Cell culture and transfection

HEK293, HEK293T, HeLa, MCR-5, IMR90, LX-2, MDA-MB-231,

WI38, HCT116, U2OS, A549, BEL-7402, Hep3B, and Vero cells were

cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Life Tech-

nologies, New York, USA) with 10% heat-inactivated fetal bovine

serum (FBS) (Life Technologies) as previously described [60,61].

CEM-T4, MT2, Jurkat, THP-1, U937, and HuT102 were cultured in

RPMI1640 medium (Life Technologies) with 10% heat-inactivated

FBS. These cells were maintained by the addition of fresh medium or

replacement of medium at a cell concentration between 5 × 104 and

2 × 106 cells/ml. HepG2 was cultured in Earle’s minimum essential

medium (EMEM) with 10% heat-inactivated FBS. Plasmid DNA was

transfected into HEK293, HEK293T, and HeLa cells using GeneJuice�

Transfection Reagent (Novagen, Sydney, Australia).

Plasmids

cDNAs of human IFI16 (IMAGE 3914632) and mouse p202 (IMAGE

4945964) were obtained from Source BioScience (Nottingham, UK).

The open reading frames (ORFs) of AIM2 and IFI16-b were amplified

from reverse-transcribed cDNA from IFN-b-stimulated THP-1 cells.

Expression plasmids for human pro-IL-1b and ASC were kindly

provided by Pascal Schneider (University of Lausanne, Switzerland).

Expression plasmid for human procaspase 1 was a gift from Guy

Salvesen (Sanford Burnham Prebys Medical Discovery Institute, La

Jolla, California, USA). The ORFs of these genes were subcloned into

pcDNA6B (Invitrogen, USA) or pCAGEN mammalian expression

vectors with different C-terminal tags. Expression plasmids

pcDNA6B-hSTING-HA, pcDNA6B-mSTING-HA, and pCAGEN-cGAS

have been described elsewhere [46]. pCAGEN was a gift from

Connie Cepko (Harvard Medical School, USA). For subcellular

localization, eGFP was inserted into Xba I and Sac II restriction

sites of pcDNA6B to construct pcDNA6B-eGFP vector, into which

IFI16-a and IFI16-b genes were subcloned. Promoter regions of

IFI16-a and IFI16-b were amplified from genomic DNA of

HeLa cells and cloned into the firefly luciferase reporter plasmid

pGL3-Basic (Promega, USA) as previously described [46,61].

pcDNA6B-IFI16-aDNLS1-eGFP, pGL3-IFI16-aD-luc, and pGL3-

IFI16-bD-luc mutants were constructed using the QuikChange II

XL Site-Directed Mutagenesis Kit (Agilent Technologies, USA). All

plasmids were verified by DNA sequencing. Primers used for

plasmid construction were listed in Appendix Table S1.
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Nucleic acids and inflammasome inhibitors

Polyinosinic–polycytidylic acid [poly (I:C)] was purchased from

Sigma, USA (Cat #: P1530). AIM2 inflammasome inhibitor ODN-

A151 (Cat #: tlrl-ttag151) and NLRP3 inflammasome inhibitor

MCC950 (Cat #: inh-mcc) were purchased from InvivoGen, USA.

Nelfinavir mesylate was bought from Sigma (Cat #: PZ0013).

dsDNA90mer, a dsDNA of 90 bp derived from HSV-1 genome [62],

was obtained by annealing two DNA oligonucleotides 50-TACA
GATCTACTAGTGATCTATGACTGATCTGTACATGATCTACATACA

GATCTACTAGTGATCTATGACTGATCTGTACATGATCTACA-30 (for-
ward) and 50-TACAGATCTACTAGTGATC TATGACTGATCTGTA

CATGATCTACATACAGATCTACTAGTGATCTATGACTGATCTGTA

CATGATCTACA-30 (reverse). 50-biotinylated dsDNA90mer was

prepared as described [62]. VACV70mer is another dsDNA of 70 bp

derived from VACV genome [15]. VACV70mer was generated by

annealing 50-CCATCAGAAAGAGGTTTAATATTTTTGTGAGACCATC
GAAGAG AGAAAGAGATAAAACTTTTTTACGACT-30 (forward) and

50-AGTCGTAAAAAAGTTTTATCT CTTTCTCTCTTCGATGGTCTCA

CAAAAATATTAAACCTCTTTCTGATGG-30 (reverse). DNA oligo-

nucleotides were synthesized by Integrated DNA Technologies

(Singapore).

Immunoblotting and antibodies

Cells were lysed by sonication in RIPA-150 buffer (50 mM Tris–Cl,

pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1% sodium

deoxycholate, 1% NP-40, and 0.5 mM EDTA) supplemented with

1× protease inhibitor cocktail (Roche, Germany). Protein concentra-

tions of cell lysates were determined by Bradford reagent (Bio-Rad,

USA). Total proteins were resolved by SDS–PAGE. Gels were trans-

ferred to PVDF membranes and immunoblotted using the protocols

recommended by the manufacturer. Proteins were visualized by a

chemiluminescent reagent WesternBrightTM ECL (Advansta, USA) as

described previously [46,60,61]. Primary antibodies used were

mouse anti-IFI16C (1:1,000 dilution; ab50004 from Abcam, USA),

rabbit anti-IFI16C (1:1,000 dilution; 14970 from Cell Signaling,

USA), mouse anti-IFI16N (1:500 dilution; sc-8023 from Santa Cruz,

USA), mouse anti-AIM2 (1:1,000 dilution; 3B10 from BioLegend,

USA), rabbit anti-AIM2 (1:1,000 dilution; ab180665 from Abcam),

mouse anti-FLAG (M2) (1:5,000 dilution; F1804 from Sigma), mouse

anti-V5 (1:5,000 dilution; R960CUS from Invitrogen), mouse anti-c-

Myc (1:1,000 dilution; 9E10 from Santa Cruz), mouse anti-b-actin
(1:5,000 dilution; AC-15 from Sigma), rabbit anti-cleaved-IL-1b
(1:200 dilution; Cell Signaling) for detection of secreted IL-1b in

culture supernatant, and rabbit anti-pro-IL-1b (1:1,000 dilution; Cell

Signaling) for detection of pro-IL-1b in cell lysates. Horseradish

peroxidase-conjugated secondary antibodies were goat anti-rabbit

(1:5,000 dilution; RPN4301 from GE Healthcare, USA) and sheep

anti-mouse (1:5,000 dilution; NA931 from GE Healthcare). Fluores-

cent secondary antibodies were tetramethylrhodamine-labeled goat

anti-mouse IgG (1:200 dilution; Zymed, USA) and fluorescein-

labeled goat anti-rabbit IgG (1:500 dilution; Invitrogen).

Human peripheral blood samples

Peripheral blood samples were collected from 24 Chinese patients

with SLE and 24 healthy Chinese blood donors. Diagnosis of SLE

was based on the American College of Rheumatology-endorsed

criteria sets for classification of SLE as detailed in our previous

publications [63]. All blood samples were collected from Queen

Mary Hospital in Hong Kong. Total mRNA was extracted from

PBMCs and then reverse-transcribed into cDNA as described [63].

The protocol for blood collection was reviewed and approved by the

Joint Institutional Review Board of the University of Hong Kong and

Hospital Authority Hong Kong West Cluster.

Human MDMs

Healthy adult blood samples were obtained from Hong Kong Red

Cross Blood Transfusion Service according to a protocol approved

by the Joint Institutional Review Board of the University of Hong

Kong and Hospital Authority Hong Kong West Cluster. Human

peripheral blood samples were obtained from healthy donors.

Peripheral blood mononuclear cells (PBMCs) were isolated by

density gradient centrifugation (750 g for 20 min at 18°C) through

Ficoll-Paque Plus (GE Healthcare). The major band undisturbed at

the interphase containing PBMCs was harvested. After three washes

with PBS, PBMCs were cultured with RPMI1640 containing 10% FBS

for 1 h and then the non-adherent lymphocytes were removed.

Human MDMs were obtained by culturing the adherent monocytes

with RPMI1640 containing 10% FBS, 1% penicillin–streptomycin,

1% MEM non-essential amino acids solution (Life Technologies),

1 mM sodium pyruvate, and 20 ng/ml granulocyte–macrophage

colony-stimulating factor (Abcam) for 7 days before experiments.

Cell fractionation

Cytosolic and nuclear extracts were isolated using NE-PERTM Nuclear

and Cytoplasmic Extraction Reagents (Thermo Fisher, USA) as per

the manufacturer’s instructions. The purity of cytosolic and nuclear

extracts was assessed by immunoblotting with anti-GAPDH and

anti-histone 4 (Merck, USA) antibodies, respectively.

Co-immunoprecipitation

Cells were lysed in RIPA-150 buffer containing 1× protease inhibitor

cocktail. Cell lysate supernatants were incubated with antibodies for

2 h. rProtein G agarose (Invitrogen) was then added into the

mixture to incubate for another 18 h at 4°C. Beads were washed 3–5

times with RIPA-150 or RIPA-250 (50 mM Tris–Cl, pH 7.4, 250 mM

NaCl, 1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate, 1%

NP-40, and 0.5 mM EDTA) buffer. After extensive washing, the

immunoprecipitates were eluted with 1× SDS–PAGE sample buffer

by boiling for 5 min. The input and output samples were applied to

SDS–PAGE and analyzed by immunoblotting.

Biotin–DNA pull-down

Biotin–DNA pull-down was performed as described [62]. Twenty-

four hours after plasmid transfection, biotinylated or non-biotiny-

lated dsDNA90mer was further transfected into HEK293T cells with

Lipofectamine 2000 (Invitrogen). After another 3 h, cells were

harvested and lysed by sonication in RIPA-150 buffer. Supernatants

were incubated with streptavidin agarose (Invitrogen) for 3 h, and

beads were washed five times with RIPA-150 or RIPA-250 buffer.
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After washing, beads were re-suspended in 1× SDS–PAGE sample

buffer and boiled for 5 min. Precipitated proteins were visualized by

immunoblotting with mouse anti-FLAG antibody.

Protein–dsDNA co-immunoprecipitation

Protein–dsDNA co-immunoprecipitation was performed as described

[15,62]. Twenty-four hours after plasmid transfection, dsDNA90mer

was further transfected into HEK293T cells with Lipofectamine 2000.

After 1 h, cells were harvested and fixed for 10 min in 4%

paraformaldehyde. After quenching with 1 M Tris–Cl (pH 7.4) for

5 min, cell pellets were washed three times with cold PBS and then

lysed with RIPA-150 buffer containing 1× protease inhibitor cocktail.

FLAG-tagged proteins were immunoprecipitated as described above.

The sample was separated into two tubes. One tube containing 1/4

volume of the total sample was boiled with SDS–PAGE sample buffer

to elute the precipitated proteins for subsequent immunoblot analysis.

The other tube containing 3/4 volume of the total sample was incu-

bated overnight at 65°C to reverse crosslinking. Samples were treated

with 20 lg/ml RNase A (Invitrogen) at 37°C for 30 min and then with

10 lg/ml proteinase K (Sigma) at 37°C for 2 h. Bound DNA was puri-

fied using the Wizard SV Gel & PCR Clean-Up System (Promega). Puri-

fied DNA was further analyzed by RT–PCR and qPCR.

Viruses

SeV Cantell strain was bought from American Type Culture Collec-

tion (ATCC; Manassas, Virginia, USA). VSV-GFP and HSV-1-GFP

were propagated and quantified as detailed in our previous publica-

tions [60,64]. ICP0-null HSV-1 virus (HSV-1-ICP0) was a gift from

David Knipe (Harvard Medical School) [40]. In this study, SeV,

VSV-GFP, HSV-1-GFP, and HSV-1-ICP0 were used to infect human

cell lines [54,55,58]. Briefly, before virus infection, cells were

washed twice with pre-warmed serum-free medium at 37°C. Virus

was diluted to the desired MOI with serum-free medium. Virus was

incubated with cells for 1 h in a CO2 incubator. Fresh culture

medium was added at the end of the infection.

Listeria monocytogenes

Listeria monocytogenes EGD (serovar 1/2a) strain, which has been

shown to activate AIM2 inflammasome [8], was a gift from Da-Hai

Yang and Gabriel Núñez (University of Michigan, USA). Listeria

monocytogenes was cultured in brain–heart infusion (BHI) broth

overnight at 37°C with shaking. It was then diluted 100-fold with

fresh BHI broth and incubated at 37°C with shaking until an OD600 of

0.8 was reached. L. monocytogenes cells were harvested by centrifu-

gation, washed with PBS, and serially diluted on BHI agar plates.

Confocal immunofluorescence microscopy

HeLa cells were plated on glass coverslips and grown to 50% con-

fluence. Cells were transfected and then fixed with 4%

paraformaldehyde for 15 min. The subcellular localization of IFI16-

a-eGFP and IFI16-b-eGFP was observed directly under confocal

microscope. THP-1 cells were transfected with pcDNA6B-IFI16-b-
FLAG, plated on glass coverslips, and then differentiated into

macrophages by treatment with 200 nM TPA for 24 h. To stain for

AIM2-V5 and STING-HA in HeLa cells or IFI16-b-FLAG in THP-1-

derived macrophages, cells were fixed and then permeabilized in

PBS containing 0.1% (v/v) Triton X-100 (PBST) for 5 min, blocked

with 5% bovine serum albumin in PBST for 1 h, and reacted with

mouse anti-V5, anti-HA, or anti-FLAG antibody overnight at 4°C.

Endogenous AIM2 was stained with rabbit anti-AIM2 (Abcam). Cells

were washed extensively with PBST, incubated with fluorescent

secondary antibodies for 1 h at room temperature, and washed three

times with PBST. Coverslips were then stained with DAPI (blue),

mounted onto the slides, and imaged using Carl Zeiss LSM710

microscope as described previously [60].

Transfection and stimulation of THP-1 cells

siRNA and synthetic dsDNA were transfected into THP-1 cells using

Lipofectamine 2000 (Invitrogen) according to the manufacturer’s

instructions and as described previously [60,61]. Plasmid DNA was

transfected into THP-1 cells with GeneXPlus Transfection Reagent

(ACS-4004TM from ATCC). Twelve hours after transfection, THP-1

cells were differentiated to macrophages by treating with 10 nM TPA

(Cell Signaling) for 24 h. Cells were cultured for an additional 12 h

in the absence of TPA and then stimulated for 12 h either with

synthetic dsDNA (4.0 lg/ml) and poly (I:C) (4.0 lg/ml) transfected

into cells with Lipofectamine 2000 or with viral infection as

described above. siRNA was transfected into human MDMs using

Lipofectamine� RNAiMAX Reagent (Invitrogen) according to the

manufacturer’s instructions. Synthetic dsDNA and poly (I:C) were

transfected into human MDMs with Lipofectamine 3000 (Invitrogen),

and the transfection was repeated 6 h later using Lipofectamine 2000

(Invitrogen). Culture supernatants were collected for measurement

of secreted cytokines. Cells were harvested for subsequent analysis.

All siRNAs were designed using StealthTM RNAi method (Invitrogen)

and synthesized by GenePharma (Shanghai, China). The non-silen-

cing siRNA (siNS) was provided by GenePharma. siRNA sequences

were listed in Appendix Table S2.

Real-time RT–qPCR

Total RNA was isolated with TRIzol Reagent (Invitrogen) as per the

manufacturer’s instructions. RNA was reverse-transcribed into

cDNA with Transcriptor First Strand cDNA Synthesis Kit (Roche).

RT–qPCRs and analysis were performed using Applied Biosystems

StepOnePlusTM Real-Time PCR System as described [60, 61]. SYBR

Premix Ex Taq kit (Takara Bio, Dalian, China) was used for SYBR

Green-based RT–qPCR according to the manufacturer’s protocol.

Reference was made to GAPDH mRNA. Comparative CT method

(DDCT method) was used for the calculation of fold change in gene

expression.

ELISA

The concentration of secreted IL-1b in culture supernatants was

measured by human IL-1b ELISA Kit (ADI-900-130, Enzo Life

Sciences Assay Designs Inc., USA) according to the manufacturer’s

instructions. Briefly, serially diluted IL-1b standards provided in the

kit and samples for detection were incubated in the pre-coated wells

for 1 h, washed with the washing buffer, and probed with anti-IL-1b
antibody for 1 h. The wells were washed, incubated with HRP-tagged
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antibodies for 3 h, washed again, and incubated with substrate for

30 min. The reaction was terminated with a stop solution. After 5 min,

readings were taken at 450 nm and protein concentrations were calcu-

lated based on a standard curve. TNF-a and IL-18 were detected by

ELISA kits from R&D Systems, USA (Cat #: DY210 and DY318).

Luciferase reporter assays

Dual-luciferase reporter assay was performed using the protocol

and reagents provided by Promega, USA, as previously described

[46,61]. All reporter constructs including IFN-b-luc, IRF3-luc, and

ISRE-luc have been detailed elsewhere [60,61]. Cell lysates were

loaded into a 96-well plate for measurement of luciferase activity in

a Microplate luminometer LB 96V (EG&G Berthold, Germany).

Normalization of transfection efficiency was achieved by co-trans-

fection of pRL-TK reporter (Promega). Relative luciferase activity

was calculated by normalizing firefly luciferase activity to that of

Renilla luciferase. Pro-IL-1b-Gaussia luciferase (iGLuc) is a luci-

ferase-based reporter system for inflammasome activity [48]. iGLuc

plasmid was provided by Veit Hornung (University of Bonn,

Germany). iGLuc-based luciferase activity was measured using the

Pierce Gaussia Luciferase Glow Assay kit (Thermo Fisher).

Statistical analysis

Two-tailed unpaired Student’s t-tests were used for statistical analy-

sis by GraphPad Prism 5.0 and Microsoft Excel. All results are repre-

sentative of at least three independent biological replicates and

expressed as mean values � SD. In all cases, differences were

considered to be statistically significant at P < 0.05.

Expanded View for this article is available online.
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