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Abstract

Detection of intracellular DNA triggers activation of the STING-dependent interferon-stimulatory 

DNA (ISD) pathway, which is essential for antiviral responses. Multiple DNA sensors have been 

proposed to activate this pathway, including AIM2-like receptors (ALRs). Whether the ALRs are 

essential for activation of this pathway remains unknown. To rigorously explore the function of 

ALRs, we generated mice lacking all 13 ALR genes. We found that ALRs are dispensable for the 

type I interferon (IFN) response to transfected DNA ligands, DNA virus infection, and lentivirus 

infection. We also found that ALRs do not contribute to autoimmune disease in the Trex1−/− 

mouse model of Aicardi-Goutières Syndrome. Finally, CRISPR-mediated disruption of the human 

AIM2-like receptor IFI16 in primary fibroblasts revealed that IFI16 is not essential for the IFN 

response to human cytomegalovirus infection. Our findings indicate that ALRs are dispensable for 

the ISD response and suggest that alternative functions for these receptors should be explored.

Introduction

Innate immune sensing of nucleic acids is key for the induction of antiviral immune 

responses. Detection of intracellular DNA activates two pathways: the caspase-1 
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inflammasome and the interferon (IFN)-stimulatory DNA (ISD) pathway. Inflammasome 

activation is initiated following DNA sensing by AIM2, resulting in secretion of mature 

interleukin (IL)-1β and IL-18 and pyroptosis (Burckstummer et al., 2009; Fernandes-

Alnemri et al., 2009; Hornung et al., 2009). Evaluation of Aim2−/− mice has confirmed that 

AIM2 is essential for inflammasome activation following infection with multiple pathogens 

(Jones et al., 2010; Rathinam et al., 2010). Detection of intracellular DNA also promotes the 

IFN response via the IFN-stimulatory DNA (ISD) pathway, now known as the cGAS-STING 

pathway. This pathway detects DNA in a sequence-independent manner and signals via the 

adaptor stimulator of interferon genes (STING) (Ishikawa and Barber, 2008; Stetson and 

Medzhitov, 2006).

In 2013, the nucleotidyltransferase cyclic GMP-AMP synthase (cGAS) was identified as the 

key DNA sensor that activates the STING pathway (Sun et al., 2013; Wu et al., 2013). 

Multiple studies with cGas−/− mice have demonstrated that cGAS is essential for the IFN 

response to a variety of pathogens, including DNA viruses, retroviruses, and intracellular 

bacteria (Collins et al., 2015; Gao et al., 2013; Li et al., 2013b; Stavrou et al., 2015; Storek 

et al., 2015; Watson et al., 2015).

Several members of the AIM2-like receptor (ALR) gene family have also been proposed to 

activate the ISD pathway. ALRs are characterized by a Pyrin signaling domain and a DNA-

binding HIN domain. The number of ALR genes varies widely among mammals, from a 

single ALR in cows, to four in humans (AIM2, IFI16, PYHIN1, and MNDA) and 13 in mice 

(Brunette et al., 2012; Cridland et al., 2012). Phylogenetic analysis indicates that, with the 

exception of AIM2, there is a complete lack of orthology among mammalian ALRs 

(Brunette et al., 2012; Cridland et al., 2012). Although AIM2 itself is well-defined as the key 

DNA sensor that activates the inflammasome, the function of the other ALRs is less clear, 

although several have been proposed to activate the ISD pathway.

Multiple observations support a role for ALRs in activation of the ISD pathway. First, 

several ALRs have been shown to bind viral DNA and interact with STING in co-

immunoprecipitation experiments (Brunette et al., 2012; Stavrou et al., 2015; Unterholzner 

et al., 2010). Second, viral antagonists of the IFI16-mediated IFN response have been 

identified, including the human cytomegalovirus (HCMV) tegument protein pUL83 and the 

herpes simplex virus (HSV-1) E3 ubiquitin ligase ICP0 (Li et al., 2013a; Orzalli et al., 

2012). Finally, knockdown of individual ALRs, including mouse Ifi203, mouse Ifi204, and 

human IFI16, has been shown to dampen the IFN response to infection with multiple 

pathogens, including HSV-1, HCMV, human immunodeficiency virus (HIV), murine 

leukemia virus (MLV), Francisella tularensis, and Mycobacterium tuberculosis (Jakobsen et 

al., 2013; Li et al., 2013a; Manzanillo et al., 2012; Orzalli et al., 2012; Stavrou et al., 2015; 

Storek et al., 2015). However, whether ALRs are essential for activation of the ISD pathway 

has not been tested rigorously, in part because of the potential for functional redundancy 

among the closely related ALRs.

To define the function of the AIM2-like receptors, we generated ALR−/− mice that lack all 

13 mouse ALR genes. We found that the mouse ALRs are dispensable for the IFN response 

to transfected DNA ligands, DNA virus infection, and lentivirus infection. Moreover, the 
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ALRs did not contribute to autoimmune disease in the Trex1-deficient mouse model of 

Aicardi-Goutières Syndrome. Finally, we used CRISPR to disrupt the human AIM2-like 

receptor IFI16 in primary human fibroblasts and found that IFI16 was dispensable for the 

IFN response to HCMV infection. Thus, our data reveal that ALRs are dispensable for 

activation of the ISD pathway and demonstrate that cGAS is the primary DNA sensor that 

drives the IFN response to DNA.

Results

Generation of ALR-deficient mice

The mouse ALR locus consists of 13 consecutive genes spanning 570 kilobases on 

chromosome 1 (Figure 1A) (Brunette et al., 2012; Cridland et al., 2012). To generate ALR-

deficient mice, we introduced LoxP sites flanking the ALR locus in C57BL/6NTac ES cells, 

derived mice containing the floxed locus, and then crossed these mice to Mox2-cre mice 

(Tallquist and Soriano, 2000) to delete this entire genomic interval (Figure 1A and 

Supplemental Figure 1). ALR−/− mice were viable and physically indistinguishable from 

their littermates (data not shown). Successful excision of the entire ALR locus was 

confirmed by PCR with primers flanking the ALR locus (Supplemental Figure 1B). 
Expression of all 13 ALR genes was undetectable by RT-PCR in macrophages and 

embryonic fibroblasts cultured from ALR−/− mice (Figure 1B) and AIM2 protein was 

undetectable in ALR−/− macrophages by Western blot (Figure 1C). Moreover, similar to 

Aim2−/− cells (Jones et al., 2010; Rathinam et al., 2010), ALR−/− macrophages, which lack 

AIM2 as well as the 12 additional ALRs, were protected from pyroptotic cell death and 

failed to secrete IL-1β in response to transfected calf-thymus DNA (CT-DNA, Figure 
1D,E). Thus, we successfully generated ALR−/− mice.

ALR expression is altered in Aim2−/− (B6.129) cells due to SNPs in the 129-derived ALR 
locus

We also confirmed loss of MNDA protein in ALR−/− macrophages using a polyclonal anti-

MNDA/IFI204 antibody raised against a 51 amino acid peptide that shares 100% homology 

with IFI204 and MNDA (Figure 1C). We failed to detect a protein band consistent with the 

predicted size (~69kD) of IFI204 in macrophages using this antibody (Figure 1C). 

Unexpectedly, MNDA protein was not detected in Aim2−/− (B6.129) macrophages (Figure 
1C). Moreover, expression levels of Mnda mRNAs and several additional ALRs were 

reduced, while expression of Ifi202b was increased in Aim2−/− (B6.129) macrophages 

compared to control cells (Supplemental Figure 2A). These Aim2−/− mice, which were 

used in the majority of our experiments, have been fully backcrossed to C57BL/6 (B6), but 

were generated by targeting Aim2 in 129 ES cells (Rathinam et al., 2010). Therefore, the 

genes flanking Aim2 on chromosome 1, including the ALR locus, are 129-derived (Vanden 

Berghe et al., 2015). To determine whether ALR gene expression was altered in Aim2−/− 

(B6.129) macrophages due to polymorphisms present in the 129 ALR locus, we compared 

ALR gene expression in macrophages cultured from Aim2−/− (B6) mice generated in B6 ES 

cells (Jones et al., 2010) to macrophages cultured from wildtype (WT) B6, WT 129, and 

Aim2−/− (B6.129) mice. MNDA protein was detected in WT B6 and Aim2−/− (B6) 

macrophages, but not WT 129 or Aim2−/− (B6.129) macrophages (Figure 1C and 

Gray et al. Page 3

Immunity. Author manuscript; available in PMC 2017 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplemental Figure 2C). Moreover, with the exception of Aim2 itself, ALR gene 

expression was similar in WT B6 and Aim2−/− (B6) macrophages (Supplemental Figure 
2A) and WT 129 and Aim2−/− (B6.129) macrophages (Supplemental Figure 2B). Thus, in 

contrast to a report suggesting that AIM2 regulates expression of Ifi202 (Panchanathan et al., 

2010), ALR gene expression is altered in Aim2−/− (B6.129) macrophages due to 

polymorphisms present in the 129-derived ALR locus. Unless otherwise indicated, Aim2−/− 

(B6.129) mice were used throughout the remainder of this study.

ALRs are dispensable for the ISD response

To determine whether the ALRs contribute to the ISD pathway, we analyzed the IFN 

response in cells cultured from ALR−/− mice compared to cells from ALR+/+, Aim2−/− or 

cGas−/− mice. Consistent with previous studies, the IFN response to transfected dsDNA (calf 

thymus DNA, CT-DNA) was enhanced in AIM2-deficient macrophages and reduced in 

cGAS-deficient macrophages (Figure 2A,B) (Corrales et al., 2016; Gray et al., 2015; Jones 

et al., 2010; Li et al., 2013b; Rathinam et al., 2010). The IFN response to transfected CT-

DNA in ALR−/− macrophages was intact and similar to Aim2−/− macrophages (Figure 
2A,B). Moreover, the IFN response to transfected CT-DNA in mouse embryonic fibroblasts 

(MEFs) was cGAS-dependent and completely ALR-independent (Figure 2C,D). This 

demonstrates that, in contrast to cGAS, the ALRs are not required in macrophages or 

fibroblasts for the IFN response to transfected DNA ligands.

We also asked whether the ALRs were required for the IFN response to infection with the 

DNA virus mouse cytomegalovirus (MCMV). The IFN response to MCMV infection was 

intact and similar in ALR+/+ and ALR−/− fibroblasts, but was reduced in cGas−/− fibroblasts 

(Figure 2C). These data reveal that the ALRs are dispensable for activation of the ISD 

pathway.

ALRs are dispensable for the IFN response to retrovirus infection

Upon infection, retroviral RNA genomes are reverse-transcribed into DNA prior to 

integration into host chromosomes. Innate sensing of viral DNA is normally inhibited by the 

3’ exonuclease Trex1, which degrades retroviral DNA in the cytosol. However, Trex1−/− 

cells mount a robust, STING-dependent IFN response to lentivirus infection (Yan et al., 

2010). Multiple receptors have been proposed to sense reverse-transcribed retroviral DNA, 

including cGAS and the ALRs IFI203 (mouse) and IFI16 (human; (Gao et al., 2013; 

Jakobsen et al., 2013; Stavrou et al., 2015).

To explore whether ALRs are required for the IFN response to lentivirus infection, we 

infected cells with a VSV-G pseudotyped, self-inactivating lentivirus in which GFP 

expression was driven by an internal MND promoter. We infected BMMs and MEFs at an 

MOI of 1 and quantified induction of Ifnb and the IFN-stimulated gene Cxcl10 mRNA 20 

hours after infection. Consistent with previous data (Yan et al., 2010), we observed robust 

induction of Ifnb and Cxcl10 mRNA in Trex1−/− cells, but not Trex1+/+ cells, in response to 

lentivirus infection (Figure 3A,B). This IFN response was dependent on reverse 

transcription, as pretreatment with the reverse transcription inhibitor nevirapine completely 

abrogated the IFN response to lentivirus but not CT-DNA (Figure 3C). We observed a 
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similar induction of Ifnb and Cxcl10 mRNA in ALR+/+Trex1−/− and ALR−/−Trex1−/− cells at 

6, 12, 20, and 24 hours after infection, indicating that the ALRs are dispensable for this IFN 

response (Figure 3A,B and Supplemental Figure 3). On the other hand, we observed no 

significant IFN response to lentivirus infection in cGas−/−Trex1−/− cells at any timepoint 

examined (Figure 3A,B and Supplemental Figure 3). This suggests that the IFN response 

to lentivirus infection is cGAS-dependent, but ALR-independent.

We also explored whether ALRs influenced lentivirus infectivity by measuring the fraction 

of infected, GFP-positive macrophages and MEFs 48 hours after infection. Although 

Trex1−/− macrophages mount a robust IFN response to infection, surprisingly, we observed 

no significant reduction in the fraction of infected, GFP-positive Trex1−/− macrophages 

compared to Trex1+/+ cells (Figure 3D). The fraction of infected ALR−/−Trex1−/− 

macrophages was also similar to Trex1−/− cells, while on the other hand, we observed an 

increase in the fraction of infected cGas−/−Trex1−/− macrophages. This indicates that cGAS 

is a restriction factor for lentivirus infection in macrophages. The fraction of infected, GFP-

positive MEFs was low and varied between two independent experiments, although there 

was a trend towards a reduction in infectivity in Trex1−/− cells compared to Trex1+/+ cells, 

consistent with previous data (Yan et al., 2010) (Figure 3E).

ALRs do not contribute to autoimmune disease in the Trex1-deficient mouse model of 
Aicardi Goutières Syndrome

Polymorphisms in the human TREX1 gene are associated with systemic lupus 

erythematosus (SLE), and loss of function mutations in TREX1 cause the rare autoimmune 

disease Aicardi-Goutières syndrome (AGS), which is characterized by elevated type I IFNs 

(Crow et al., 2015; Crow et al., 2006; Lebon et al., 1988; Lee-Kirsch et al., 2007; Rice et al., 

2007). AGS can be modeled using Trex1−/− mice, which develop a lethal autoimmune 

disease characterized by elevated production of type I IFNs, autoantibodies, and multiorgan 

inflammation including inflammatory myocarditis (Morita et al., 2004; Stetson et al., 2008). 

Autoimmune disease is dependent on activation of the ISD pathway, as Trex1−/− mice that 

lack key components of this pathway, including cGAS, STING, or IRF3, are completely 

protected from premature death and autoimmune tissue destruction (Gall et al., 2012; Gao et 

al., 2015; Gray et al., 2015; Stetson et al., 2008).

To determine whether ALRs contribute to disease in Trex1−/− mice, we intercrossed ALR−/− 

and Trex1−/− mice. ALR+/+Trex1−/−, ALR+/−Trex1−/−, and ALR−/−Trex1−/− mice 

succumbed to lethal disease with similar kinetics (Figure 4A), suggesting that the ALRs are 

not required to drive disease in Trex1−/− mice. Moreover, ALR−/−Trex1−/− mice developed 

inflammation in multiple tissues, including the heart, similar to ALR+/+Trex1−/− mice 

(Figure 4B). We detected autoantibodies against heart tissue antigens in serum from both 

ALR−/−Trex1−/− and ALR+/+Trex1−/− mice (Figure 4C). Finally, expression of IFN-

stimulated genes was elevated in peripheral blood isolated from ALR−/−Trex1−/− and 

ALR+/+Trex1−/− mice compared to ALR−/− Trex1+/+ mice (Figure 4D). Thus, in contrast to 

cGAS and STING, which are absolutely required to drive disease, ALRs are dispensable for 

disease in Trex1-deficient mice.
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Human IFI16 is dispensable for the IFN response to HCMV infection

Human have four ALRs (AIM2, IFI16, PYHIN1, and MNDA) that, with the exception of 

AIM2, lack mouse orthologues (Brunette et al., 2012; Cridland et al., 2012). In 2010, IFI16 

was proposed to function as a DNA sensor for the ISD response (Unterholzner et al., 2010) 

and subsequent studies using siRNA approaches have suggested that IFI16 is required for 

the IFN response to herpes simplex virus (HSV-1), human cytomegalovirus (HCMV), and 

human immunodeficiency virus (HIV) infection (Jakobsen et al., 2013; Li et al., 2013a; 

Orzalli et al., 2012). However, the role of IFI16 in the ISD pathway has not yet been 

confirmed genetically in IFI16 knockout human cells. In contrast, studies with cGAS-

deficient cells have shown that cGAS is essential for the IFN response to HSV-1 and HIV 

infection (Gao et al., 2013; Lahaye et al., 2013; Orzalli et al., 2015).

Infection with the DNA virus HCMV activates a STING-dependent IFN response (Li et al., 

2013a). The DNA sensors involved in innate detection of HCMV are not well defined, 

although one recent study suggested that IFI16 is required for the IFN response to HCMV 

(Li et al., 2013a). The HCMV tegument protein pUL83 has been proposed to antagonize the 

IFN response (Abate et al., 2004; Browne and Shenk, 2003) by binding to IFI16, preventing 

activation of STING-TBK1-IRF3 signaling (Li et al., 2013a). However, whether UL83 

antagonizes the IFN response to HCMV infection has been debated (Taylor and Bresnahan, 

2006). Moreover, the contribution of cGAS to innate sensing of HCMV has not yet been 

explored.

We used a lentiCRISPR approach to disrupt CGAS, IFI16, and TMEM173 (STING) in 

human fibroblasts (HFs) and confirmed protein loss by Western blot analysis (Figure 5A,B). 

In cGAS-deficient HFs, IFI16 protein levels were unchanged, in contrast to a recent study 

suggesting that cGAS promotes IFI16 protein stability (Orzalli et al., 2015). We infected 

STING-, cGAS-, or IFI16-deficient HFs with wild type HCMV (Ad169 or the parental strain 

AdCreGFP, referred to as WT HCMV) or two UL83-deficient viral strains: (1) ΔUL83 

HCMV, in which the entire UL83 open reading frame has been replaced with a kanamycin 

resistance cassette, or (2) UL83stop (*UL83) HCMV, which contains stop codon mutations 

in UL83 (rather than deletion of the entire ORF (Taylor and Bresnahan, 2006)). We 

measured induction of IFNB and the IFN-stimulated gene IFIT1 6 hours post infection. We 

confirmed our observations in multiple experiments with three independently generated 

LentiCRISPR cell lines generated using primary fibroblasts (HFs) or tert-immortalized 

fibroblasts (tert-HFs) (Supplemental Figure 4). We observed a trend towards an increase in 

the IFN response to infection with ΔUL83 and UL83stop HCMV compared to Ad169 and 

WT HCMV (Figure 5C,D), although this varied among individual experiments 

(Supplemental Figure 4). The IFN response to ΔUL83 and UL83stop HCMV was impaired 

in cGAS and STING-deficient cells, but was intact in IFI16-deficient cells (Figure 5C,D) 

indicating that cGAS, rather than IFI16, is the key DNA sensor required for the IFN 

response to HCMV infection.

Enhanced IFN response to transfected DNA in ALR- and AIM2-deficient cells

Our analysis of the ALR−/− cells indicated that ALRs were dispensable for the ISD 

response; therefore, we wondered whether the ALRs activated another innate signaling 
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pathway upon intracellular DNA detection. To explore this possibility, we performed cDNA 

microarray analysis comparing ALR+/+, ALR−/−, and Aim2−/− BMMs and MEFs, treated for 

four or eight hours with CT-DNA. Analysis of gene expression changes in BMMs revealed 

enhanced induction of type I IFNs and IFN-stimulated genes (ISGs) in ALR−/− and Aim2−/− 

macrophages compared to ALR+/+ macrophages following CT-DNA transfection (Figure 6 
and Supplementary Table 2). This is consistent with prior studies that observed an 

enhanced IFN response to transfected DNA in AIM2-deficient cells, likely due to lack of 

pyroptosis (Corrales et al., 2016; Jones et al., 2010; Rathinam et al., 2010). However, 

comparison of ALR−/− and Aim2−/− macrophages revealed only a small number of 

differentially expressed genes, the majority of which fell into two major groups: (1) ALR 

genes for which, as expected, the signal was very low in ALR−/− macrophages; (2) genes 

linked to Aim2 for which expression changes are likely related to their probable 129 origin 

in Aim2−/− (B6.129) mice (Supplemental Table 2). Of the few remaining differentially 

expressed genes, we chose to analyze two genes (Nrap and Rab3d, indicated by green dots 

in Figure 6) and failed to observe any significant differences in expression by RT-PCR 

(Supplemental Figure 5). Analysis of gene expression changes in MEFs revealed a slight 

increase in the induction of type I IFNs in ALR−/− and Aim2−/− fibroblasts compared to 

ALR+/+ fibroblasts in response to CT-DNA transfection (Supplemental Figure 6A,B and 
Supplemental Table 3) similar to the enhanced response that we observed in ALR−/− and 

Aim2−/− macrophages. However, we did not consistently detect an elevated IFN response to 

transfected CT-DNA in ALR−/− and Aim2−/− fibroblasts compared to ALR+/+ cells in other 

independent experiments (Figure 2C and Supplemental Figure 6C). Thus, AIM2 

negatively regulates the IFN response to intracellular DNA in macrophages but not MEFs, 

suggesting cell type specificity in the interactions between AIM2 and the cGAS-STING 

pathway.

We identified a number of differentially expressed genes in Aim2−/− MEFs compared to 

ALR−/− MEFs, including the ALR genes, as well as genes whose expression was altered in 

Aim2−/− MEFs, but similar in ALR+/+ and ALR−/− MEFs. Expression of nearly all genes in 

this latter category was not significantly changed by CT-DNA stimulation (Supplemental 
Table 3), suggesting that these differences were likely due to the distinct origins of the 

Aim2−/− fibroblasts, which were prepared from embryos harvested independently from the 

ALR+/+ and ALR−/− fibroblasts, rather than a unique ALR-dependent transcriptional 

response to DNA stimulation. Altogether, our microarray data demonstrate that AIM2 

negatively regulates the ISD response in macrophages; however, we failed to detect a 

transcriptional response to CT-DNA transfection dependent on the other 12 mouse ALRs.

Unbiased exploration of ALR ligands and functions

Given that all mouse ALRs and human IFI16 are dispensable for the IFN response to 

intracellular DNA, we considered two important questions. First, is dsDNA the relevant 

ligand for all ALRs? Second, can we bypass the ligand specificities of individual ALRs to 

explore their potential functions in activating pyroptosis or gene transcription? Both in vitro 
binding studies and crystal structure analyses have shown that the AIM2 and IFI16 HIN 

domains bind dsDNA in a sequence-independent manner (Hornung et al., 2009; Jin et al., 

2012; Unterholzner et al., 2010), yet whether PYHIN1 and MNDA respond to dsDNA has 
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not been tested. To explore whether the HIN domains of each human ALR were capable of 

being activated by dsDNA, we took advantage of the well-defined signaling function of the 

AIM2 Pyrin domain, which binds the adaptor ASC, leading to caspase-1 activation and 

pyroptotic cell death. We generated chimeric ALRs in which the AIM2 Pyrin domain was 

fused to the HIN domains of IFI16, PYHIN1, or MNDA (Figure 7A). We then reconstituted 

AIM2-deficient THP1 cells with each chimeric ALR protein (Supplemental Figure 7A) 

and measured cell death following transfection of dsDNA (CT-DNA or ISD 100-mer 

oligonucleotides (Stetson and Medzhitov, 2006)) as a readout of DNA-dependent activity of 

each HIN domain. Chimeric ALRs containing both IFI16 HIN domains, but not either HIN 

domain alone, induced robust pyroptosis in response to dsDNA, consistent with previous in 
vitro binding studies demonstrating that both HIN domains are required for maximal DNA 

binding activity (Figure 7B; (Unterholzner et al., 2010)). In contrast, we failed to 

reproducibly detect significant cell death following DNA stimulation in cells expressing 

chimeric ALRs containing the PYHIN1 or MNDA HIN domains (Figure 7B). As a control, 

we reconstituted AIM2-deficient THP1 cells with each native ALR. We observed DNA-

induced pyroptosis in cells expressing AIM2, but not IFI16, PYHIN1, or MNDA (Figure 
7C). This suggests that although the AIM2 and IFI16 HIN domains are clearly capable of 

binding dsDNA, the PYHIN1 or MNDA HIN domains either do not bind to dsDNA or are 

not sufficiently activated by dsDNA to be detected by this assay.

Since human PHYIN1 and MNDA HIN domains were unresponsive to dsDNA in the AIM2 

chimera assay, we explored the consequences of ligand-independent oligomerization of 

human ALRs as an alternative approach to interrogate their potential functions. To do this, 

we generated fusion proteins in which we appended two Fv domains to the C-terminus of 

each full-length human ALR (Figure 7D). These Fv domains are specifically activated by a 

small molecule drug called AP1, leading to their oligomerization (Clackson et al., 1998). We 

transduced THP-1 cells and tert-HFs with these constructs and verified their expression by 

Western blot (Supplemental Figure 7B). We found that AP1 oligomerization of 

AIM2-2xFv resulted in rapid, dose-dependent induction of pyroptosis, confirming ligand-

independent activation (Figure 7E). However, oligomerization of IFI16, PYHIN1, or 

MNDA in THP1 cells or IFI16 in tert-HFs resulted in no detectable cell death (Figure 7E).

To explore whether oligomerization of human ALRs resulted in any change in gene 

expression, we performed microarray analysis on THP-1 cells stably transduced with 

IFI16-2xFv, PYHIN1-2xFv, or MNDA-2xFv, comparing mRNA expression levels of resting 

cells to those in cells treated for 4 or 12 hours with AP1. We found no evidence for inducible 

gene expression in response to ALR oligomerization (Figure 7F). Together, these data 

suggest that, at least in the context of AP1-induced oligomerization, IFI16, PYHIN1, and 

MNDA activate neither the inflammasome nor any strong transcriptional responses in THP-1 

cells.

Discussion

Here, we characterized mice that lack all 13 ALRs, as well as human cells lacking IFI16. We 

found that mouse ALRs are not required for the IFN response to transfected DNA, MCMV 

infection, and lentivirus infection and do not contribute to autoimmune disease in the 

Gray et al. Page 8

Immunity. Author manuscript; available in PMC 2017 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Trex1−/− mouse model of Aicardi-Goutières Syndrome. We also demonstrated that IFI16 is 

dispensable for the IFN response to HCMV infection. Together, this suggests that, in 

contrast to cGAS, the ALRs are not essential for activation of the ISD pathway. Whether 

they contribute in a more subtle way, or whether they are essential for IFN responses to 

ligands and pathogens that we did not examine here remain important unanswered questions.

If the ALRs are not essential for the ISD response, what then might be their functions? One 

possibility is that the ALRs regulate the function of each other. Indeed, the mouse ALR 

IFI202 has been shown to bind to the AIM2 HIN domain and inhibit AIM2 oligomerization 

and caspase-1 inflammasome activation (Roberts et al., 2009; Yin et al., 2013). Another 

possibility is that, like AIM2 itself, the other ALRs may participate in inflammasome 

activation. IFI16 has been implicated in activating the inflammasome in CD4 T cells during 

abortive HIV infection (Monroe et al., 2014) and in endothelial cells infected with Kaposi 

sarcoma-associated herpesvirus (KSHV) (Kerur et al., 2011). However, the mechanism by 

which IFI16 might activate the caspase-1 inflammasome is unclear given that, unlike AIM2, 

the IFI16 Pyrin domain does not associate with the ASC adapter (Hornung et al., 2009). 

Moreover, we found that oligomerization of IFI16 was insufficient to induce pyroptosis in 

THP1 cells or tert-HFs. Nonetheless, it remains a possibility that IFI16 and/or other ALRs 

may activate the inflammasome in specific cell types and/or in response to certain 

pathogens.

Although not essential for the ISD response, the ALRs might contribute to the IFN response 

in a more subtle way, for example by enhancing the response at later time points. Consistent 

with this possibility, we observed robust induction of the IFN-stimulated genes IFIT1 and 

ISG15 in PMA-treated THP1 cells and HFs stably expressing HA-tagged IFI16 compared to 

cells expressing BFP (data not shown). Induction of ISGs was only observed in PMA-treated 

cells, indicating that overexpression of IFI16 alone is not sufficient for this response and 

another co-factor must be involved. We are currently exploring whether IFI16 induces ISG 

expression in a STING-dependent manner, or whether this occurs via another mechanism.

ALRs have been suggested to contribute to autoimmune disease. Gene intervals on 

chromosome 1 that span the ALR genes have been linked to SLE in humans (1q23 locus) 

and to autoimmunity in the lupus-prone mouse strains NZB (Nba2 locus) and BSXB (Bxs3 

locus) (Haywood et al., 2004; Moser et al., 1998; Rozzo et al., 2001). However, the ALR 

locus is tightly linked to immune genes that are also proposed to modify lupus risk, 

including Fcγ receptor and SLAM family member genes. Thus, whether ALRs contribute to 

disease or are simply linked to other lupus susceptibility genes is not clear. Consistent with 

the latter possibility, more recent studies have found that the mouse ALR locus does not 

contribute to disease, while intervals of the Nba2 locus containing Fcγ receptor and SLAM 

family member genes each contribute to lupus-like symptoms (Jorgensen et al., 2010). 

Moreover, analysis of the ALR locus in two SLE cohorts failed to find evidence of SNP 

association (Fernando et al., 2011). Here, we found that ALRs are not required to drive 

autoimmune disease in Trex1-deficient mice. Our data also revealed that AIM2-dependent 

inflammasome activation does not contribute to disease in this mouse model. Whether ALRs 

contribute to autoimmune disease in other mouse models remains an open question, and our 

ALR-deficient mice provide a valuable tool address this question.
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Although it is clear that the ALRs are not essential for the ISD response, there are still 

compelling reasons to think this family of genes has an important role in antiviral immunity. 

Most ALRs are IFN-stimulated genes, consistent with an antiviral function (Brunette et al., 

2012). Evolutionary analysis has revealed extensive diversity within the ALR gene family, 

including multiple species-specific expansions, which may reflect evolutionary pressures 

from DNA viruses (Brunette et al., 2012; Cridland et al., 2012). Indeed, consistent with 

genetic conflict, a recent phylogenetic study provided evidence that both AIM2 and IFI16 
have evolved under positive selection in primates (Cagliani et al., 2014). The ALR-deficient 

mice described here provide a valuable tool for future studies exploring the function of this 

family of receptors.

Experimental Procedures

Mice

Generation of ALR-deficient mice on a C57BL/6 background is described in the 

Supplemental Methods and Supplemental Figure 1. ALR−/− mice were intercrossed with 

Trex1−/− mice to generate ALR−/−Trex1−/− mice. Trex1−/−, Tmem173−/−, cGas−/− 

(Mb21d1−/−), and Rag2−/− mice have been described (Gall et al., 2012; Gray et al., 2015). 

129P3/J mice (stock #000690) and Aim2−/− mice generated in 129 ES cells and backcrossed 

to C57BL/6J (stock #013144) (Rathinam et al., 2010) were purchased from Jackson 

Laboratories. Frozen bone marrow from Aim2−/− mice generated in C57BL/6 ES cells 

(Jones et al., 2010) was kindly provided by Denise Monack. All mouse studies were carried 

out with approval of the UW Institutional Animal Care and Use Committee.

Cell treatments and analysis

Primary mouse BMMs, MEFs, HFs, and THP1 cells were transfected with nucleic acid 

ligands using Lipofectamine 2000 (Life Technologies) as described (Brunette et al., 2012). 

For quantitative RT-PCR analysis, cells were harvested into RNA Stat-60 (Tel-Test, INC), 

and RNA was isolated, treated with DNase (Ambion), and reverse-transcribed into cDNA 

with EcoDry Premix (Clontech) or SuperScript III (Thermo Fisher). PCR was performed 

with EVA Green reagents (Bio-Rad Laboratories) on a Bio-Rad CFX96 Real-Time System. 

Type I IFN induction was measured using an IFN bioassay as described (Lau et al., 2015).

Lentivirus infections

VSV-G pseudotyped, self-inactivating lentivirus was prepared by transfecting 293T cells 

with 1.5μg pVSV-G, 3μg psPAX-2, and 6μg pRRL lentiviral vector in which GFP was 

cloned downstream of an MND promoter. Lentiviral supernatents were collected 48 hours 

later and concentrated by centrifugation at 8500xg overnight at 4°C. Viral stocks were 

titered on 293T cells by quantifying the %GFP+ cells by flow cytometry 48 hours after 

infection. BMMs or MEFs were seeded at 7.5×105 and 1×105 cells per well, respectively, in 

12-well plates and infected the next day at a multiplicity of infection (MOI) of 1 for 6-24 

hours as indicated. In some experiments, cells were pre-treated with 5μM nevirapine for 4-5 

hours prior to infection with lentivirus in the presence of 5μM nevirapine for 20 hours.
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HCMV and MCMV infections

HCMV strain Ad169, the GFP-expressing strain AdCREGFP (derived from Ad169), and the 

UL83-deficient strains ΔUL83 and UL83stop (derived from AdCREGFP and kindly 

provided by Wade Bresnahan (Taylor and Bresnahan, 2006)) were grown and titered in 

primary HFs. Loss of UL83 in ΔUL83 and UL83stop strains was confirmed by Western blot 

(data not shown). Cells were infected at a multiplicity of infection (MOI) of 3 PFU/cell by 

spinoculation at 1200rpm (290g) for one hour at room temperature. The inoculum was 

aspirated and replaced with fresh medium, and cells were incubated at 37°C for five 

additional hours.

MCMV strain K181 was grown and titered in NIH 3T3 cells. One day prior to infection, 

MEFs were seeded at 1×105 per well in a 12-well plate. Cells were infected at a MOI of 3 

PFU/cell for 1h at 37°C. The inoculum was aspirated and replaced with fresh media, and 

cells were incubated at 37°C for four additional hours.

CRISPR/Cas9 gene targeting

For CRISPR/Cas9 gene targeting, we used a lentivirus in which a U6 promoter-driven guide 

RNA and MND promoter-driven Cas9-T2A-puromycin resistance cassette are constitutively 

expressed from a single, self-inactivating lentivirus. THP1 cells or HFs were transduced with 

lentivirus and selected with 5μg/ml puromycin (Thermo Fisher Scientific) for three days. 

Gene targeting was evaluated by restriction fragment length polymorphism (RFLP) using 

restriction sites that overlapped the CRISPR targeting sites, as well as western blot for 

endogenous protein. The guide RNA target sites are described in supplemental information.

Pathology

Tissues were fixed in 10% neutral buffered formalin and paraffin embedded. Tissue sections 

(5μm) were stained with hematoxylin and eosin and histological scores were evaluated in a 

blinded manner as previously described (Gall et al., 2012). Histology scores for the skeletal 

muscle refer to assessment of muscle on the head (scored separately from the tongue); 

histology scores for the kidney reflect maximum inflammation scores for the interstitium as 

well as the extent of pathology.

Detection of autoantibodies

Heart extracts were blotted with mouse sera as previously described (Stetson et al., 2008).

2xFV experiments

ALR-2xFV chimeric constructs were created by cloning full-length AIM2, IFI16, PYHIN1, 

and MNDA open reading frames upstream of a poly-glycine linker (GGGGR) followed by 

two FV domains (e.g. FKBP domains with the F36V mutation). These ALR-2xFV 

constructs were cloned into a pRRL lentiviral vector for SFFV promoter-driven ALR-2xFV-

T2A-mCherry-T2A-blasticidin resistance expression. THP1 cells or tert-HFs were 

transduced with lentivirus and selected with 10μg/ml blasticidin (Thermo Fisher Scientific) 

for three days. The homodimerizer drug AP1 (Clontech, also called ‘B/B Homodimerizer’) 
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was dissolved at 100μM in ethanol and diluted in culture media to a final concentration of 

3nM or 30nM.

Statistical analysis

Statistical significance of difference between groups was assessed with unpaired t-test or 

Log-rank (Mantel-Cox) test as indicated in the figure legends. All analyses were performed 

with Graph Pad Prism 6 (GraphPad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of ALR-deficient mice
(A) Schematic of the LoxP-flanked mouse ALR locus for Cre-mediated deletion of all 13 

mouse ALR genes. Pyrin and HIN domains are indicated in red and blue, respectively. (B) 
Quantification by RT-PCR of mouse ALR gene transcripts in bone marrow-derived 

macrophages (BMMs) or embryonic fibroblasts (MEFs) from ALR+/+ and ALR−/− mice (* = 

not detected). (C) AIM2 and MNDA protein expression evaluated in IFNβ-primed BMMs 

cultured from mice of the indicated genotype. Note that the band at 76kD (indicated by **) 

was not consistently observed in multiple experiments and does not match the expected size 

of IFI204. (D) Cell death of BMMs from ALR+/+, ALR−/−, or Aim2−/− mice transfected 

with calf-thymus DNA (CT-DNA) quantified using an IncuCyte imaging system. (E) 
Quantification of IL-1β secretion by BMMs from ALR+/+, ALR−/−, or Aim2−/− mice 

transfected with CT-DNA. Error bars represent mean ± SD. Data are representative of one 

experiment (B,C) or two experiments (D,E). See also Figure S1 and S2.
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Figure 2. ALRs are dispensable for the IFN response to transfected DNA
(A) Quantification of Ifnb mRNA induction in BMMs from ALR+/+,ALR−/−, Aim2−/−, or 

cGas−/− mice transfected with CT-DNA or RIG-I ligand for 4h. (B) Quantification of type I 

IFN production using an IFN bioassay with supernatants from BMMs (A) of the indicated 

genotype transfected with 0-5μg CT-DNA (0μg, 0.01μg, 0.1μg, 1μg, or 5μg) for 4, 8, or 24h. 

(C) Quantification of Ifnb mRNA induction in mouse embryonic fibroblasts (MEFs) from 

ALR+/+,ALR−/−, or cGas−/− mice transfected with nucleic acid ligands as in (A) for 4h (left 

panel) or infected with MCMV (MOI=3) for 5h (right panel). (D) Quantification of type I 

IFN production using an IFN bioassay with supernatants from MEFs of the indicated 

genotype transfected with CT-DNA as in (B). Error bars represent mean ± SD. Data are 

representative of three experiments (A), two experiments (B,C), or one experiment (D). 

Statistical analysis was performed using an unpaired t-test corrected for multiple 

comparisons using the Holm-Sidak method. *p<0.05. **p < 0.01, ***p<0.001, ****p < 

0.0001.
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Figure 3. ALRs are dispensable for the IFN response to lentivirus infection
(A,B) Quantification of Ifnb and Cxcl10 mRNA induction by RT-PCR in BMMs (A) and 

MEFs (B) from Trex1+/+, Trex1−/−, ALR−/−, ALR−/−Trex1−/−, and cGas−/−Trex1−/− mice 

uninfected (“None”) or infected with a VSVg-pseudotyped, self-inactivating lentivirus 

(“LV”, MOI=1) for 20h. (C) Quantification of Ifnb and Cxcl10 mRNA induction by RT-PCR 

in BMMs (left panels) and MEFs (right panels) from Trex1−/− cells treated with the reverse-

transcriptase inhibitor nevirapine and infected with lentivirus (MOI=1) or transfected with 

5μg CT-DNA for 20h. (D,E) Flow cytometric quantification of the frequency of infected 

(GFP+) BMMs (D) and MEFs (E) from mice of the indicated genotype 48h after infection 

with lentivirus (MOI=1). Error bars represent mean ± SD. All data are representative of two 

independent experiments. See also Figure S3.
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Figure 4. AIM2-like receptors are not required to drive autoimmune disease in the Trex1-
deficient mouse model of Aicardi Goutières Syndrome
(A) Survival curves of ALR+/+Trex1−/− (n=29), ALR+/−Trex1−/− (n=25), ALR−/−Trex1−/− 

(n=19), and cGas−/−Trex1−/− (n=29, monitored during a similar time period in our colony 

and published elsewhere (Gray et al., 2015)). All mice were on a pure C57BL/6 background. 

Statistical analysis was performed with a Log-rank (Mantel-Cox) test. (B) Histological 

scores of inflammation in the indicated tissues from ALR+/+Trex1−/−, ALR+/−Trex1−/−, 

ALR−/−Trex1−/−, and ALR−/−Trex1+/+ mice. All histological analysis was performed in a 

blinded manner. (C) Autoantibodies against heart antigens evaluated by blotting 

Rag2−/−Trex1−/− mouse heart extracts (neat and 1:5 diluted) with sera from mice of the 

indicated genotype. (D) Quantification by RT-PCR of IFN-stimulated gene transcripts in 

total peripheral blood cells from mice of the indicated genotype. Error bars represent mean ± 

SD. Data are representative of one experiment with 2-5 mice of each genotype.
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Figure 5. IFI16 is not required for the IFN response to HCMV infection
(A,B) Primary human fibroblasts (HFs, A) or telomerase-immortalized HFs (tert-HFs, B) 

were transduced with LentiCRISPR lentivirus encoding Cas9 and the indicated guide RNAs 

(gRNA) and selected for three days in puromycin. Cells were harvested for evaluation of 

IFI16, STING, and cGAS protein expression by Western blot at least 12 days after 

transduction. (C,D) Quantification of IFNB and IFIT1 mRNA induction by RT-PCR in 

targeted HFs (C) and tert-HFs (D) described in panels (A) and (B), infected with the 

indicated HCMV viral strains (MOI = 3) for 6h. Error bars represent mean ± SD. Data are 

representative of five independent experiments (with at least two experiments with each 

gRNA). Statistical analysis was performed comparing control cells to cGAS, STING, and 

IFI16-targeted cells using an unpaired t-test corrected for multiple comparisons using the 

Holm-Sidak method. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure 

S4.
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Figure 6. ALR-deficient and AIM2-deficient macrophages have an enhanced IFN response to 
transfected DNA
Microarray analysis of gene expression changes in ALR+/+,ALR−/−, and Aim2−/− BMMs 

transfected with 5μg calf-thymus DNA (CT-DNA) for 4h (A) or 8h (B) plotted as fold 

induction relative to mock-treated cells (treated with lipofectamine alone). Selected type I 

IFN, cytokines, and IFN-stimulated genes are highlighted in red, and ALR genes are 

highlighted in blue. Nrap and Rab3d are indicated in green. Data represent one experiment. 

See also Figures S5 and S6.
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Figure 7. Unbiased exploration of ALR ligands and functions
(A) Schematic of human ALR genes with Pyrin domains indicated in red and HIN domains 

indicated in blue. Chimeric ALRs were constructed in which the AIM2 Pyrin domain was 

fused to the HIN domains of IFI16, PYHIN1, or MNDA. (B,C) Cell death of AIM2-

deficient THP1 cells reconstituted with lentiviral constructs expressing chimeric ALRs (B) 

or wild type ALRs (C) transfected CT-DNA or ISD 100-mer oligonucleotides (Stetson and 

Medzhitov, 2006) quantified using an IncuCyte imaging system. Error bars represent mean ± 

SD. Data are representative of three independent experiments. (D) Schematic of dimerizable 

ALR constructs in which two FV domains were fused to the C-terminus of each human ALR 

gene. (E) Cell death of THP1 cells (left panel) or tert-HFs (right panel) reconstituted with 

lentiviral constructs expressing ALR-2xFV dimerizable proteins treated with 3nM or 30nM 

of the AP1 dimerizer drug. Error bars represent mean ± SD. Data are representative of two 

(THP1 cells) or one (tert-HFs) independent experiment. (F) Microarray analysis of gene 

expression changes in ALR-2xFV-expressing THP1 cells 4h or 12h after treatment with 

30nM AP1 (plotted as raw expression in vehicle-treated (Mock, X-axis) relative to AP1-

treated cells (Y-axis). Data are representative of one experiment. See also Figure S7.
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