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SUMMARY

Double-stranded RNA (dsRNA) is a common by-
product of viral infections and acts as a potent trigger
of antiviral immunity. In the nematode C. elegans,
sid-1 encodes a dsRNA transporter that is highly
conserved throughout animal evolution, but the
physiological role of SID-1 and its orthologs remains
unclear. Here, we show that themammalian SID-1 or-
tholog, SIDT2, is required to transport internalized
extracellular dsRNA from endocytic compartments
into the cytoplasm for immune activation. Sidt2-defi-
cient mice exposed to extracellular dsRNA, enceph-
alomyocarditis virus (EMCV), and herpes simplex
virus 1 (HSV-1) show impaired production of antiviral
cytokines and—in the case of EMCV and HSV-1—
reduced survival. Thus, SIDT2 has retained the
dsRNA transport activity of its C. elegans ortholog,
and this transport is important for antiviral immunity.

INTRODUCTION

Double-stranded RNA (dsRNA) is a common by-product of viral

replication and acts as a potent pathogen-associated molecular

pattern (PAMP), whose intracellular detection leads to the pro-

duction of type I interferons (IFN-I) and antiviral immunity. Within

the cytoplasm, the RIG-I-like receptor (RLR) family of proteins,

including the dsRNA-binding proteins RIG-I and MDA-5, are

ideally situated to detect viral dsRNA produced in infected cells.

Consistent with this, RIG-I, MDA-5, and their downstream
signaling adaptor protein, MAVS, are required for immunity to

multiple viruses (Fredericksen and Gale, 2006; Gitlin et al.,

2006; Kato et al., 2005; Sumpter et al., 2005; Sun et al., 2006;

Foy et al., 2005), and viruses have evolved multiple mechanisms

to inhibit the RLR-sensing pathway (Leung et al., 2012).

To circumvent this inhibition, infected cells can transfer viral

dsRNA extracellularly to uninfected bystander cells, thereby

promoting IFN-I production and limiting viral replication in vitro

(Dansako et al., 2013). How such transfer occurs is yet to be

determined, and the importance of this transfer to immunity

in vivo—while postulated—remains unclear. What is clear is

that once dsRNA is present within the extracellular milieu, it

can bind various cell surface receptors, such as MSR, Raftlin,

and CD14 (Dansako et al., 2013; DeWitte-Orr et al., 2010; Lee

et al., 2006; Watanabe et al., 2011), and then be internalized

via clathrin-dependent endocytosis (Itoh et al., 2008). Once en-

docytosed, dsRNA can be recognized by Toll-Like Receptor 3

(TLR3) within the acidic environment of the lysosome (Dansako

et al., 2013; Lee et al., 2006; Schulz et al., 2005; Watanabe

et al., 2011), leading to subsequent signaling via the adaptor

protein TRIF (Yamamoto et al., 2003). dsRNA that has been inter-

nalized from the extracellular environment also activates the

RLR-sensing pathway within the cytoplasm, and it is the cyto-

plasmic pathway that is responsible for the vast majority of the

IFN-I response upon in vivo exposure to extracellular dsRNA

(in the form of poly(I:C)) (Gitlin et al., 2006).

This counterintuitive observation implies the existence of an

efficient mechanism to transport extracellular dsRNA into the

cytoplasm either directly across the plasma membrane or from

within the endosomal compartment. Given the large size and hy-

drophilic nature of dsRNA and the hydrophobic barrier of the

plasma and endosomal membranes, this mechanism is likely

to require highly specialized proteins. To date, the identity of
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Figure 1. SIDT2 Localizes to Late Endo-

somes and Interacts with Internalized

poly(I:C)

(A) MEFs stably expressing SIDT2-mCherry were

transfected with markers for (i) early endosomes

(EEA1-GFP), (ii) late endosomes (RAB7-GFP), and

(iii) lysosomes (LAMP1-YFP) and were imaged by

confocal microscopy. Co-localization analysis of

SIDT2-mCherry with endosomal markers was

performed using FIJI software (see Results). Scale

bar, 40 mm.

(B) DC2.4 cells stably expressing SIDT2-mCherry

were transfected with dsDNA-fluorescein or

treated with poly(I:C)-fluorescein for 1 hr and

imaged by confocal microscopy.

(C and D) Assessment of SIDT2-mCherry in-

teractions with poly(I:C)-fluorescein (C) and

dsDNA-fluorescein (D) in DC2.4 cells via FRET

FLIM. **p < 0.01. Data are plotted as ±SEM and are

representative of three independent experiments.

See also Movies S1, S2, S3, and S4.
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any such proteins is unknown. Two potential candidates are

SIDT1 and SIDT2, the mammalian orthologs of the C. elegans

SID-1 dsRNA transporter.

A remarkable property of RNA interference (RNAi) in plants

and certain animals is its ability to spread systemically from the

site of initiation (Jose and Hunter, 2007). In C. elegans, this

spread requires SID-1, a broadly expressed transmembrane

protein that specifically binds and imports extracellular dsRNA

(Feinberg and Hunter, 2003; Jose et al., 2009; Li et al., 2015;

Winston et al., 2002), most likely after receptor-mediated endo-

cytosis (McEwan et al., 2012). SID-1 is conserved throughout

much of animal evolution, with two closely related paralogs,

SIDT1 and SIDT2, present in most sequenced vertebrate ge-

nomes (Figure S1). Such conservation implies a strongly

selected function, but the normal physiological role of SID-1

and its orthologs is unclear.

Here we report that SIDT2 localized to the late endo-lysosomal

compartment and interacted with internalized poly(I:C) to pro-

mote its release into the cytoplasm. Loss of SIDT2 in mice re-

sulted in endosomal dsRNA accumulation, impaired RLR

signaling, and diminished type I IFN production in response to

extracellular poly(I:C). After herpes simplex virus 1 (HSV-1) infec-
2 Immunity 47, 1–12, September 19, 2017
tion, we observed that dsRNA was trans-

ferred to uninfected bystander cells and

that RLR activation in these cells was

SIDT2 dependent. Consistent with this,

loss of SIDT2 resulted in higher rates

of HSV-1 infection as well as impaired

antiviral cytokine production and sur-

vival in vivo. Similarly, SIDT2-deficient

mice displayed impaired antiviral immu-

nity and invariably succumbed to infec-

tion with encephalomyocarditis virus

(EMCV), protection against which criti-

cally depends upon RLR activation (spe-

cifically, MDA-5) (Gitlin et al., 2006; Kato

et al., 2006). Together, our findings

demonstrate that SIDT2 has retained the
dsRNA transport function of its C. elegans ortholog and that

this function is important for delivery of dsRNA to the cyto-

plasmic RLRs and subsequent antiviral immunity.

RESULTS

SIDT2 Localizes to Endo-lysosomes and Interacts with
Internalized dsRNA
Both microarray and RNaseq data indicated that Sidt2 is more

broadly and more abundantly expressed than Sidt1 (data not

shown) (Petryszak et al., 2014; Wu et al., 2009). Moreover,

Sidt2 expression is stimulated by both type I and II IFNs (Rusi-

nova et al., 2013). We therefore decided to focus our attention

on SIDT2 and its potential role in the innate immune response

to viral dsRNA. To begin, we investigated the subcellular locali-

zation of SIDT2 using confocal microscopy. Stable expression

of a SIDT2-mCherry reporter in mouse embryonic fibroblasts

(MEFs) indicated that SIDT2 is present in punctate structures

and strongly co-localizes with both the late endosomal marker

RAB7 (Pearson’s r = 0.85) and the lysosomal marker LAMP1

(Pearson’s r = 0.64) (Figure 1A, Movies S1 and S2). In contrast,

minimal co-localization was observed between SIDT2 and



Figure 2. Loss of SIDT2 Impairs Innate Im-

munity to EMCV Infection

(A) Sidt2+/+ and Sidt2�/� mice (n = 6–9) were in-

fected with 50 PFU EMCV i.p. and survival moni-

tored for 8 days.

(B and C) Sidt2+/+ and Sidt2�/� mice (n = 10–13)

were sacrificed at 3 days p.i. and viral load was

assessed in the heart (B) and PECs (C) by plaque

assay.

(D and E) Peritoneal lavage fluid (D) and serum (E)

from Sidt2+/+ and Sidt2�/� mice (n = 10–13) were

collected at day 3 p.i. and IFN-bwas measured via

ELISA.

(F–H) Serum IL-6 (H), RANTES (F), and IL-12 p40

(G) from Sidt2+/+ and Sidt2�/� mice (n = 10–13) at

3 days p.i. were measured using Bioplex bead

assay. Data are plotted as mean ± SEM.

*p < 0.05, ***p < 0.001, n.d., not detected.
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EEA1 (Pearson’s r = 0.25) (Figure 1A, Movies S3 and S4)

or RAB11 (Pearson’s r = 0.06) (data not shown), which demar-

cate early and recycling endosomes, respectively. These data

indicate that SIDT2 predominantly resides in late endosomes

and lysosomes and are consistent with previous reports local-

izing endogenously expressed SIDT2 to the endo-lysosomal

compartment (Buschow et al., 2012; Jialin et al., 2010).

Extracellular dsRNA is known to be taken up into cells via cla-

thrin-dependent endocytosis (Itoh et al., 2008). Consistent with

this, we observed that extracellular poly(I:C)-fluorescein was

readily internalized by the murine dendritic cell line DC2.4 into

vesicle-like structures and subsequently co-localized with

SIDT2-mCherry (Pearson’s r = 0.72) (Figure 1B). To assess inter-

action between SIDT2 and internalized poly(I:C), we performed

fluorescence resonance energy transfer (FRET) analysis by

time domain fluorescence lifetime imaging microscopy (FLIM)

and observed a significant reduction in fluorescence lifetime

for poly(I:C)-fluorescein in the presence of SIDT2-mCherry.

This indicates a likely molecular interaction between SIDT2 and

poly(I:C) (Figure 1C) and is consistent with the recent demonstra-

tion that the extracellular domain of mouse SIDT2 can bind

dsRNA in vitro (Li et al., 2015). To test the specificity of this inter-

action, we performed the same experiment using dsDNA, which

also appeared to co-localize with SIDT2-mCherry after internal-

ization (Figure 1B). In contrast to poly(I:C), no reduction in fluo-

rescence lifetime was observed between internalized dsDNA-

fluorescein and SIDT2-mCherry (Figure 1D), suggesting that

SIDT2 can distinguish between dsRNA and dsDNA as has previ-

ously been shown for C. elegans SID-1 (Shih and Hunter, 2011).
SIDT2 Is Critical for Antiviral
Immunity to EMCV
To examine a possible role for SIDT2 in

the innate immune response to dsRNA,

we generated mice carrying a Sidt2

gene-targeting construct (Tang et al.,

2010), which successfully disrupted

Sidt2 expression (Figure S2). Sidt2�/�

mice were born at the expected Mende-

lian ratios, displayed normal viability

and fertility, and weighed slightly less
(�10%) than heterozygous and wild-type (WT) littermates. Given

the importance of dsRNA detection for antiviral immunity, we

were keen to assess the effects of disrupting Sidt2 during virus

infection. To this end, we selected EMCV as a viral model for

two reasons: first, it is a ssRNA virus that produces readily

detectable dsRNA during replication (Weber et al., 2006); and

second, it causes a lytic infection, which we theorized might be

important for liberating dsRNA into the extracellular milieu.

We infected Sidt2�/� and WT mice with 50 PFU of EMCV via

intraperitoneal injection (i.p.) and monitored the animals over

time. All mice lacking Sidt2 succumbed to infection within

6 days post infection (p.i.) (Figure 2A) and displayed increased

viral loads within the heart and peritoneal exudate cells (PECs)

(Figures 2B and 2C), suggesting that SIDT2 is critical for the im-

mune response to EMCV dsRNA. Consistent with these obser-

vations, Sidt2�/� mice showed a significant decrease in IFN-b

in serum and peritoneal lavage fluid compared to WT at 3 days

p.i. (Figure 2D and 2E) and also had significantly lower concen-

trations of other innate immune mediators such as RANTES,

IL-6, and IL-12 (Figures 2F–2H).

Loss of SIDT2 Impairs Antiviral Immunity to HSV-1
Given that dsRNA is also produced during the replication of

dsDNA viruses, we wanted to knowwhether there was a broader

role for SIDT2 beyond RNA viruses such as EMCV. To this end,

we chose HSV-1 as a viral model, since like EMCV it produces

readily detectable amounts of dsRNA and causes a lytic infec-

tion. To initially determine whether extracellular dsRNA is rele-

vant to HSV-1 infection, we infected Vero cells—a monkey
Immunity 47, 1–12, September 19, 2017 3



Figure 3. Loss of SIDT2 Impairs Innate Immunity to HSV-1 Infection

(A) Vero cells were infected with 1 MOI GFP-tagged HSV-1 virus for 24 hr,

stained with J2 anti-dsRNA antibody (red) and DAPI (blue), and imaged by

confocal microscopy. In the absence of HSV-1 infection, no dsRNA was

evident (top), whereas after HSV-1 challenge, dsRNA was readily observed in

uninfected cells (bottom, arrows). Data are representative of three indepen-

dent experiments. Scale bar, 20 mm.

(B) Sidt2+/+ and Sidt2�/� MEFs were infected with 1 MOI mCherry-tagged

HSV-1 virus for the indicated times and analyzed by flow cytometry. Data are

representative of three independent experiments. Error bars represent

mean ± SEM.

(C) Cell culture supernatant from Sidt2+/+ and Sidt2�/� MEFs infected with

1 MOI mCherry-tagged HSV-1 was collected at 96 hr p.i. and IFN-b was

measured via ELISA.

(D) Sidt2+/+ and Sidt2�/� mice (n = 13–15) were infected with 1 3 107 PFU

HSV-1 i.p. and survival monitored for 8 days.

(E and F) Serum from Sidt2+/+ and Sidt2�/� mice (n = 10–13) was collected at

8 hr (E) and 16 hr (F) p.i. and serum IFN-b was measured via ELISA.

(G and H) Serum IL-6 (H) and RANTES (G) from Sidt2+/+ and Sidt2�/� mice

(n = 10–13) at 16 hr p.i. were measured using Bioplex bead assay.

For (E)–(H), data are plotted as mean ± SEM.

*p < 0.05, ***p < 0.001, n.s., not significant. Data represent the pooled results

from three independent experiments. See also Figure S3.
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epithelial cell line that is highly permissive for HSV-1 replica-

tion—with GFP-tagged HSV-1 for 24 hr, and then stained with

a monoclonal antibody (J2) that specifically recognizes dsRNA

(Figure 3A). We failed to detect any dsRNA within infected
4 Immunity 47, 1–12, September 19, 2017
cells—potentially consistent with HSV-1’s ability to sequester

dsRNA and suppress type I IFN production (Khoo et al., 2002;

Xing et al., 2012)—but instead frequently observed dsRNAwithin

uninfected bystander cells. To determine whether this dsRNA

was of viral origin, we subsequently infected Vero cells with

mCherry-tagged HSV-1, isolated HSV-1+ and HSV-1� cells via

flow cytometry (Figure S3A), and then performed strand-specific

RNaseq. Notably, overlapping HSV-1 RNA derived from both

strands of the viral genome was readily detectable in HSV-1�

bystander cells (Figure S3B), consistent with the presence

of viral dsRNA. Taken together, these data suggest not only

that HSV-1 dsRNA can spread extracellularly from the site

of infection to non-infected bystander cells, but also that extra-

cellular dsRNA rather than dsRNA within infected cells is the

more likely trigger of innate immune activation during HSV-1

infection.

Next, we sought to determine whether the presence of SIDT2

is important during HSV-1 infection in vitro.We therefore infected

Sidt2�/� and WT MEFs with mCherry-tagged HSV-1 and as-

sessed infection over 72 hr using flow cytometry. Sidt2�/�

MEFs showed much higher rates of HSV-1 infection compared

to WT cells (Figure 3B), suggesting that SIDT2 might play a

role in limiting HSV-1 infection in vitro. Consistent with this, we

observed that Sidt2�/� MEFs produced significantly less IFN-b

than WT cells after HSV-1 infection (Figure 3C).

To determine the role for SIDT2 in HSV-1 infection in vivo, we

infected Sidt2�/� andWTmice with HSV-1 i.p. and observed the

animals over time. While the vast majority of WT mice remained

asymptomatic,�50% of Sidt2�/� mice developed hind-limb pa-

ralysis and died within 3 days p.i. (Figure 3D). This is a similar

(albeit less penetrant) phenotype to that observed in HSV-1-in-

fected mice lacking the type I IFN receptor (Rasmussen et al.,

2007). We therefore compared the production of type I IFN in

Sidt2�/� and WT mice after HSV-1 infection. As a dsDNA virus,

HSV-1 induces a robust IFN response via multiple DNA-sensing

pathways, including the STING-cGAS axis and TLR9 (Li et al.,

2013; Rasmussen et al., 2007). This DNA-dependent response

occurred shortly after in vivo challenge (peaking at 4–8 hr p.i.).

A subsequent wave of IFN-I production (evident by 12–16 hr

p.i.) does not require DNA sensing (Li et al., 2013; Rasmussen

et al., 2007) and appears to instead involve MAVS-dependent

RNA detection pathways (Rasmussen et al., 2007). On this basis,

we assessed type I IFN from the serum of HSV-1-infected mice

at both 8 and 16 hr p.i. to separately probe the DNA- and RNA-

sensing pathways, respectively. Consistent with the inability of

SIDT2 to interact with dsDNA by FRET-FLIM (Figure 1D), we

observed no difference in type I IFN at 8 hr p.i. (Figure 3E). How-

ever, by 16 hr p.i., Sidt2�/� mice showed a significant reduction

in serum IFN-b (Figure 3F) as well as other innate immune medi-

ators such as RANTES and IL-6 (Figures 3G and 3H).

Taken together, the above results are consistent with our hy-

pothesis that SIDT2 has a role in the innate immune response

to extracellular viral dsRNA. However, an alternative explanation

is that loss of SIDT2 causes a generalized impairment in antiviral

immunity that is not specific for extracellular dsRNA. To investi-

gate this possibility, we infected Sidt2�/� and WT mice with

vesicular stomatitis virus (VSV) and lymphocytic choriomeningi-

tis virus (LCMV). Both of these are negative-strand RNA viruses,

which have previously been shown to produce negligible



Figure 4. Loss of SIDT2 Impairs Endosomal Escape of Internalized

poly(I:C)

(A and B) BMDCs from Sidt2+/+ and Sidt2�/� mice were treated with poly(I:C)-

rhodamine (A) and 32P-labeled (B) 500 bp dsRNA for 60 min at either 4�C or

37�C, and internalization was assessed via flow cytometry or radioactivity

measurement, respectively. Results are representative of at least two inde-

pendent experiments. For (B), all treatments and measurements were made in

triplicate, and data are plotted as mean ± SEM.

(C and D) BMDCs from Sidt2+/+ and Sidt2�/� mice were treated with poly(I:C)

for either 10 or 60 min, stained with J2 anti-dsRNA antibody (red) and DAPI

(blue), and imaged by confocal microscopy (C). The proportion of each cell

occupied by punctate dsRNA staining was quantified (D).

(E and F) Sidt2+/+ and Sidt2�/� BMDCs were treated with poly(I:C) in associ-

ation with the cationic polymer DEAE-dextran for 60 min.

For (C) and (E), images are representative of at least three independent ex-

periments. For (D) and (F), data are plotted as mean ± SEM and between 30

and 150 cells were assessed per time point.

*p < 0.05. Scale bar, 10 mm. See also Figure S5.
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amounts of dsRNA (Weber et al., 2006). Notably, loss of SIDT2

had no effect on clinical presentation, IFN-b production, or viral

titers after infection with VSV or LCMV (Figure S4), consistent
with the antiviral activity of SIDT2 being dependent upon the

presence of viral dsRNA.

SIDT2 Facilitates Trafficking of Endocytosed dsRNA into
the Cytoplasm
Previous studies have suggested that SIDT1 promotes internal-

ization of extracellular dsRNAs (specifically siRNAs) into

mammalian cells (Duxbury et al., 2005; Wolfrum et al., 2007).

Similarly, in mandarin fish (Siniperca chuatsi), it has been pro-

posed that Sidt2 facilitates cellular uptake of exogenous dsRNA

(Ren et al., 2011). Although our subcellular localization data (Fig-

ure 1A) made this an unlikely possibility, we evaluated whether

mammalian SIDT2 is involved in the uptake of extracellular

dsRNA. Bone marrow-derived dendritic cells (BMDCs) from

Sidt2�/� and WT mice were therefore incubated with extracel-

lular poly(I:C)-rhodamine for 60 min, and intracellular rhodamine

was measured via flow cytometry. Importantly, there was no

difference between Sidt2�/� and WT cells in their ability to

internalize poly(I:C) (Figure 4A). Identical results were obtained

using 32P-labeled 500 bp dsRNA (Figure 4B). We therefore found

no evidence that internalization of extracellular dsRNA re-

quires SIDT2.

Next, we investigated the possibility that SIDT2 transports

dsRNA across the endo-lysosomal membrane. To begin, we

incubated Sidt2�/� and WT BMDCs with extracellular poly(I:C)

for either 10 or 60 min, immunostained with J2 antibody, and

compared the subcellular localization of dsRNA via confocal

microscopy (Figure 4C). After 10min, both Sidt2�/� andWT cells

displayed low punctate J2 staining, consistent with dsRNA entry

into the endocytic pathway. However, after 60min, dsRNA local-

ization in WT cells was predominantly diffuse, consistent with a

cytoplasmic distribution; in contrast, dsRNA staining within

Sidt2�/� cells was significantly more punctate and co-localized

with the late endosomal marker RAB7 (Figures 4D and S5A), indi-

cating endo-lysosomal accumulation. To confirm these observa-

tions, we repeated the same experiment but delivered the

poly(I:C) in conjunction with a cationic polymer transfection

reagent to facilitate endosomal escape. This abrogated the

punctate accumulation of poly(I:C) in Sidt2�/� cells (Figures 4E

and 4F).

The above observations indicated that loss of SIDT2 impairs

the trafficking of extracellular dsRNA from endo-lysosomes

into the cytoplasm. To complement these studies, we investi-

gated whether enhancing WT SIDT2 activity was able to

augment dsRNA trafficking. We therefore generated DC2.4 cells

that overexpress SIDT2-mCherry under the control of a doxycy-

cline inducible lentiviral vector. Following exposure to extracel-

lular poly(I:C)-fluorescein, we observed that doxycycline-treated

(SIDT2-mCherry+) cells displayed a less punctate intracellular

distribution of poly(I:C) than non-doxycycline-treated (SIDT2-

mCherry�) cells (Figures 5A and 5B). Given that poly(I:C) internal-

ization between these two cell populations was similar (Fig-

ure 5C), these data suggest that SIDT2 actively promotes the

escape of endocytosed dsRNA into the cytoplasm.

SIDT2 Is Required for the Detection of dsRNA by the
Cytoplasmic RLR Pathway but Not Endosomal TLR3
To test the role of SIDT2 in the functional response to dsRNA, we

assessed whether loss of SIDT2 affects production of type I IFN
Immunity 47, 1–12, September 19, 2017 5



Figure 5. Overexpression of SIDT2 Enhances Endosomal Escape of

poly(I:C)

(A) Doxycycline-inducible SIDT2-mCherry DC2.4 cells were treated with

poly(I:C)-fluorescein for 1 hr in the presence or absence of doxycycline and

imaged by confocal microscopy. Scale bar, 10 mm.

(B) The proportion of each cell occupied by punctate poly(I:C)-fluorescein

staining was individually quantified for >60 cells across multiple fields of view

and plotted as mean ± SEM.

(C) Internalization of poly(I:C)-fluorescein by SIDT2-mCherry+ and SIDT2-

mCherry� cells after 1 hr at either 4�C or 37�C was assessed via flow

cytometry.

Data are representative of three independent experiments. ****p < 0.0001. See

also Figure S5.
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after in vivo poly(I:C) challenge. Notably, Sidt2�/� mice adminis-

tered poly(I:C) by i.p. injection produced significantly less IFN-b

compared to WT littermates (Figure 6A), consistent with our

earlier observations after EMCV and HSV-1 infection (Figures

2E and 3F). Although systemic administration of poly(I:C) is

frequently perceived as a TLR3-dependent stimulus, type I IFN

production after i.p. poly(I:C) injection is largely dependent on

cytoplasmic RLR detection via MDA-5 rather than TLR3 (Gitlin

et al., 2006). Together with our findings that SIDT2 facilitates traf-

ficking of endocytosed dsRNA into the cytoplasm (Figures 4

and 5), this suggests that SIDT2 functions upstream of cyto-

plasmic RLR sensing (specifically MDA-5) and is dispensable

for endosomal TLR3 detection. Innate immune detection of

picornaviruses such as EMCV strictly depends on MDA-5 but

not RIG-I or TLR3 (Kato et al., 2006). Loss of SIDT2 phenocopied

the reduced type I IFN response and impaired survival observed

in MDA-5-deficient mice after EMCV infection (Figure 2) and thus

provides further support to the premise that SIDT2 facilitates

MDA-5 recognition of dsRNA. To test this hypothesis further,
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we next performed a series of experiments designed to sepa-

rately interrogate the RLR- and TLR3-dependent pathways.

To assess TLR signaling, Sidt2�/� and WT mice were first in-

jected with poly(A:U), a dsRNA mimic that specifically activates

TLR but not RLR signaling (Perrot et al., 2010; Sugiyama et al.,

2008). As would be predicted if endocytosed dsRNA is detected

within endosomes independently of SIDT2 transporter activity,

Sidt2�/� mice showed no difference in poly(A:U)-induced type I

IFN production (Figure 6B). Similarly, when we measured serum

IFN-l, a type III IFN that is produced in a TLR3-dependent

manner in response to poly(I:C) (Lauterbach et al., 2010),

Sidt2�/� mice responded similarly compared to WT after

poly(I:C) injection (Figure 6C). This suggests that the loss of

SIDT2 does not affect dsRNA-dependent TLR signaling. In keep-

ing with these observations, Sidt2�/� BMDMs also showed

reduced IRF3 activation in response to poly(I:C) treatment as

assessed by phospho-IRF3 immunoblot (Figure 6D), although

activation was similar to WT cells early on, presumably due to

unaffected TLR3-dependent TRIF signaling.

To specifically assess RLR signaling, we measured aggrega-

tion of mitochondrial antiviral signaling (MAVS) protein via

confocal microscopy. During viral infection, the RLRs RIG-I

and MDA-5 detect viral RNAs within the cytoplasm and trigger

aggregation of MAVS, which subsequently activates the tran-

scription factor IRF3 to induce type I IFNs. In this way, aggrega-

tion of MAVS serves as a specific indicator of RLR pathway

activation (Hou et al., 2011; Seth et al., 2005).We therefore trans-

fected Sidt2�/� and WT MEFs with a MAVS-YFP construct and

compared MAVS aggregation after poly(I:C) treatment (Fig-

ure 6E). After 60 min of poly(I:C) exposure, WT MEFs displayed

a robust increase in MAVS aggregation but Sidt2�/� cells did

not (Figure 6F), consistent with a requirement for SIDT2 to

transport endocytosed dsRNA into the cytoplasm for RLR

recognition.

SIDT2 Facilitates the Endosomal Escape of dsRNA and
Subsequent RLR Sensing during HSV-1 Infection
Finally, we wanted to better understand the mechanisms under-

lying the defective immunity against HSV-1 that we observed in

Sidt2�/� mice (Figure 3). In light of our observations that SIDT2

promotes the escape of endocytosed poly(I:C) into the cyto-

plasm (Figure 4), we infected Sidt2�/� and WT mice with

HSV-1 i.p. and immunostained PECs 16 hr p.i. with J2 antibody

to compare the intracellular distribution of dsRNA (Figure 7A).

Similar to our in vitro data with poly(I:C) (Figure 4D), PECs from

HSV-1-infected Sidt2�/� mice showed a significant increase in

punctate dsRNA staining compared to WT (Figure 7B). Impor-

tantly, this punctate dsRNA staining was observed in uninfected

bystander cells rather than HSV-1-infected cells, as revealed by

the use of a GFP-tagged HSV-1 (Figure S5B). This suggested

that SIDT2 facilitated the endosomal escape of viral dsRNAs in

bystander cells and predicted that immune activation of these

cells via cytoplasmic RLR signaling would be impaired in the

absence of SIDT2.

To test this, we determined whether loss of SIDT2 resulted in

defective MAVS signaling in bystander cells during HSV-1 infec-

tion. To do so, we stably expressed MAVS-YFP in Sidt2�/� and

WT MEFs and then compared MAVS aggregation after infection

with mCherry-tagged HSV-1 using a low multiplicity of infection



Figure 6. SIDT2 Is Important for RLR- but Not TLR-Mediated IFN

Production in Response to Extracellular dsRNA

(A) Sidt2+/+ and Sidt2�/� mice were injected i.p. with 50 mg poly(I:C) per 25 g

body weight (n = 7), and serum IFN-b measured at 3 hr via ELISA.

(B) Sidt2+/+ and Sidt2�/� mice (n = 8) were injected i.p. with 300 mg poly(A:U)

per 25 g body weight and serum IFN-b measured at 3 hr via ELISA.

(C) Sidt2+/+ and Sidt2�/� mice (n = 8) were injected i.p. with 50 mg poly(I:C) per

25 g body weight and serum IFN-lmeasured at 3 hr via ELISA (n = 8). Data are

plotted as mean ± SEM.

(D) BMDMs from Sidt2+/+ andSidt2�/�were stimulated with 10 mg/mL poly(I:C)

for the indicated times and pIRF3Ser386 and total IRF3 was assessed via

immunoblotting.

(E) Sidt2+/+ and Sidt2�/� MEFs were transfected with MAVS-YFP, treated with

poly(I:C) for 1 hr, and MAVS aggregation assessed via confocal microscopy.

Scale bar, 40 mm.

(F) Individual cells (>150 per condition) were scored for the appearance of

MAVS aggregates.

Data are representative of three independent experiments and error bars are

plotted as mean ± SEM. *p < 0.05; n.s., not significant; n.d., not detected.
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(MOI) to ensure a mixed population of infected and uninfected

cells (Figure 7C). While uninfected WT bystander MEFs con-

tained readily detectable MAVS aggregates, uninfected Sidt2�/�

bystander cells completely failed to activate MAVS (Figure 7D).

To formally assess whether SIDT2 is required for RLR- but not

TLR3-dependent immune signaling during HSV-1 infection, we

used CRISPR-Cas9 technology and shRNA retroviral constructs

to reduce, respectively, MAVS and TLR3 expression in Sidt2�/�

and WT MEF cells (Figures S6A and S6B). We then measured

IFN-b production in response to HSV-1 infection (Figure 7E).

Consistent with SIDT2 and MAVS functioning in the same

signaling pathway, loss of either MAVS or SIDT2 impaired

IFN-b production to a similar extent, while Sidt2�/�Mavs�/�

doubly deficient MEFs produced comparable IFN-b to Sidt2�/�

cells (Figure 7E). In contrast, TLR3 activity had no influence on

IFN-b production (Figure S6C). To determine whether SIDT2 is

required for TLR3-dependent signaling, we therefore examined

TLR3-dependent IL-6 expression (Kato et al., 2006) in response

to HSV-1 infection. Notably, IL-6 production was impaired by

siRNA-mediated silencing of TLR3 in both WT and Sidt2�/�

MEFs (Figure 7F), indicating that SIDT2 is not required for

TLR3 activity. Indeed, Sidt2�/� MEFs actually displayed a small

but significant increase in IL-6 production (Figure 7F), suggesting

that loss of SIDT2 might enhance TLR3 activation. This aligns

with our earlier observation that Sidt2�/�cells accumulate endo-

somal dsRNA (Figure S5) and implies that the endosomal export

of dsRNA by SIDT2 may serve to limit the amount of substrate

available for TLR3 recognition. Consistent with this, we also

observed that TNF-a production after HSV-1 infection was

detectable only in Sidt2�/� MEFs and that this production

required intact TLR3 signaling (Figure 7G). Taken together, our

results therefore indicate that SIDT2 helps to promote RLR but

not TLR3 activity during HSV-1 infection (Figure S7).

DISCUSSION

Previous observations that MDA-5 is the dominant in vivo sensor

of systemically administered poly(I:C) (Gitlin et al., 2006) directly

imply the existence of an efficient mechanism by which extracel-

lular dsRNA gains entry into the cytoplasm. This mechanism has

been postulated to involve a transmembrane transporter either
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Figure 7. SIDT2 Is Required for RLR-

InducedMAVS Activation in Bystander Cells

during HSV-1 Infection

(A) PECs from Sidt2+/+ and Sidt2�/� mice infected

with 13 107 PFU at 16 hr p.i. were stained with J2

dsRNA antibody (red) and DAPI (blue) and imaged

by confocal microscopy. Scale bar, 10 mm.

(B) The proportion of each cell occupied by

punctate dsRNA staining was quantified using FIJI

software.

(C) Sidt2+/+ and Sidt2�/� MEFs stably expressing

MAVS-YFP were infected with 1 MOI HSV-1-

mCherry for 48 hr and imaged via confocal

microscopy to assess for MAVS aggregation

(arrows) in uninfected, bystander cells. Scale bar,

80 mm.

(D) Individual cells were segmented and HSV-1-

mCherry-infected cells were excluded using FIJI

software. Uninfected bystander cells (250 cells per

condition) were scored for the appearance of

MAVS aggregates.

(E) Sidt2+/+ (Cas9 only), Sidt2�/� (Cas9 only),

MAVS�/�, and Sidt2�/� MAVS�/� MEFs were in-

fected with 1 MOI mCherry-tagged HSV-1, and

IFN-b was measured in cell culture supernatant at

96 hr p.i. via ELISA.

(F and G) IL-6 (F) and TNF-a (G) were measured in

cell culture supernatant from shTLR3 and Sidt2�/�

shTLR3 MEFs infected with 1 MOI mCherry-tag-

ged HSV-1 96 hr p.i. Sidt2+/+ and Sidt2�/� MEFs

transduced with retroviral vector lacking shRNA

were used as controls. IFN-b, IL-6, and TNF-a in

non-infected cells were below the limit of assay

detection.

Data are representative of results from two to

three independent experiments and expressed as

the mean ± SEM of triplicate wells. *p < 0.05,

**p < 0.01, n.s., not significant. See also Figure S6.
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at the cell surface or within endosomes (Gitlin et al., 2006; Nelli-

marla and Mossman, 2014). Our data indicate that SIDT2, a pre-

dicted nine-pass transmembrane protein (Jialin et al., 2010),

fulfils this role by transporting internalized dsRNA across the

endo-lysosomal membrane to engage the cytoplasmic RLRs

and thereby induce type I IFN production.

By extension, our data also suggest an important role for

extracellular dsRNA in antiviral immunity. Specifically, we

observed that dsRNA triggers RLR signaling within uninfected

bystander cells in a SIDT2-dependent manner during HSV-1

infection and that the absence of this bystander activation due

to loss of SIDT2 is associated with impaired antiviral cytokine

production and reduced survival. At first, this might seem sur-

prising since immunity within HSV-1-infected cells presumably

remains intact in the absence of SIDT2. However, HSV-1 is
8 Immunity 47, 1–12, September 19, 2017
well known for its extensive ability to sup-

press immunity in cells that it infects

(Melchjorsen et al., 2009), so SIDT2-

mediated bystander activation—whereby

uninfected host cells take up, detect, and

respond to extracellular HSV-1 dsRNA

released from infected cells—may repre-

sent an important counter strategy for
host immunity. Along similar lines, recent in vitro experiments

have demonstrated a role for dsRNA-based activation of

bystander cells in limiting hepatitis C virus (HCV) infection (Dan-

sako et al., 2013), but our results provide evidence that this acti-

vation is important in vivo and highlight a physiological role for

extracellular RNA at a time when this is a matter of considerable

interest and debate (Leslie, 2013).

Although HSV-1 appears to be an informative model for study-

ing the role of SIDT2 in dsRNA-induced bystander activation,

the requirement for SIDT2 in mounting a protective immune

response against HSV-1 is only partial. This is presumably since

multiple DNA- and RNA-sensing pathways are important for anti-

HSV-1 immunity, and most of these (e.g., STING, TLR) would be

expected to remain functional in the absence of SIDT2. In

contrast, protection against EMCV infection wholly depends
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upon intact dsRNA sensing by MDA-5 (Gitlin et al., 2006; Kato

et al., 2006). To this end, our observation that SIDT2 is absolutely

required for survival after EMCV infection—and phenocopies

loss of MDA-5—was notable for two reasons. First, together

with our data indicating that SIDT2 transports dsRNA into the

cytoplasm, it strongly suggested that the main role of SIDT2 dur-

ing EMCV infection is to deliver dsRNA for MDA-5 sensing. Sec-

ond, it indirectly implied that the dsRNA substrates recognized

byMDA-5 during EMCV infection are predominantly extracellular

in origin. Given that EMCV employs multiple strategies to disrupt

RLR signaling within infected host cells (Barral et al., 2009; Ng

et al., 2013) and also causes lytic infection, bystander activation

via the SIDT2-dependent trafficking of extracellular dsRNA

would make intuitive sense. Developing experimental reagents

(e.g., recombinant fluorescent virus) that enable discrimination

between EMCV-infected and uninfected cells should enable

this proposed bystander activation to be directly tested.

Looking ahead, it will also be interesting to define the mecha-

nismbywhich viral dsRNA is transferred to bystander cells, since

efforts to either augment or inhibit this process (and thereby

boost or dampen type I IFN responses) may be relevant to not

only improving immunity but also limiting immunopathology

(Davidson et al., 2015). Cell lysis—either as a direct result of viral

infection or via NK cell-mediated destruction in vivo—might be

one potential route. Another is exosomes, which have been pre-

viously reported to contain RNAs frommultiple viruses, including

HSV-1, HCV, HIV, and EBV (Dansako et al., 2013; Dreux et al.,

2012; Narayanan et al., 2013; Pegtel et al., 2010). At the same

time, it will also be interesting to determine whether SIDT2 has

a protective role against viruses other than EMCV and HSV-1.

Since dsRNA production seems to be a general feature of

most viruses (with the exception of negative-sense RNA viruses)

(Weber et al., 2006), this seems plausible. However, if lytic repli-

cation is important for the extracellular release of dsRNA, then

SIDT2 may be relevant only to lytic viruses such as EMCV and

HSV-1. In either case, the highly conserved nature of SIDT2 at

a sequence level suggests that it may provide protection against

viruses in multiple species, which is consistent with a previous

report in mandarin fish (Ren et al., 2011).

Although Sidt2�/� mice exposed to poly(I:C), EMCV, and

HSV-1 showed impaired type I IFN production, these defects

were incomplete. Notwithstanding the role for intact DNA-

sensingpathways inHSV-1asdiscussedearlier, there are at least

two possible explanations. First, TLR3 sensing of endosomal

dsRNA,which is not dependent onSIDT2, likely contributes to re-

sidual IFN production and antiviral activity. Second, alternative

mechanisms might facilitate the cytoplasmic entry of extracel-

lular dsRNA. In this regard, it is notable that the other mammalian

SID-1 ortholog, Sidt1, is strongly induced after dsRNA challenge

and has been previously reported to be both an IFN-stimulated

gene and upregulated after HSV-1 infection (Miyazaki et al.,

2011; Rusinova et al., 2013). Future studies to determinewhether

SIDT1 has a role in dsRNA trafficking during antiviral immunity

and to examine possible redundancy and/or synergy between

the two mammalian SID-1 orthologs may therefore be revealing.

Finally, itwill be important to learn inwhichcellsSIDT2 functions

and to define its RNA substrate specificity. It remains unknown

what cell types respond to extracellular dsRNA to activate RLRs

in vivowhether in the context of systemic poly(I:C) administration,
EMCV, orHSV-1 infection.Ourdata indicate that the relevant cells

in both these cases must express Sidt2. Given the broad expres-

sion of Sidt2, many cell types could be involved. Since chemical

modifications (e.g., 50 PPP) of viral RNAs facilitate the discrimina-

tionbetweenself andnon-self byhostRNAsensors suchasRIG-I,

it will also be interesting to investigate whether any modifications

facilitate SIDT2-dependent RNA transport. Similarly, dsRNA

length is a key determinant of recognition by RIG-I, MDA-5, and

TLR3 (Kato et al., 2008; Leonard et al., 2008), and SIDT2 was

recently reported as having a higher binding affinity for longer

dsRNAs (300–700 bp) (Li et al., 2015). Functional investigations

to determine whether SIDT2 can transport shorter substrates

such as siRNAsmay shed light on the development ofmore effec-

tive RNAi therapeutics, whose delivery continues to be hindered

by poor endosomal escape (Dominska and Dykxhoorn, 2010).
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Antibodies

Monoclonal anti-dsRNA (J2) SCICONS Cat#10010200, 10010500; RRID: AB_2651015

Monoclonal anti-Sidt2 This paper N/A

Polyclonal anti-Rab7 Abcam Cat#Ab137029; RRID: AB_2629474

Monoclonal anti-Phospho-IRF-3 (Ser396) Cell Signaling Cat#4947

Polyclonal anti-TBP Santa Cruz Cat#sc-273; RRID: AB_2200059

Polyclonal anti-IRF3 Santa Cruz Cat#sc-9082; RRID: AB_2264929

Polyclonal anti-MAVS Cell Signaling Cat#4983; RRID: AB_823566

Monoclonal anti-b-actin-HRP Abcam Cat#Ab49900

Bacterial and Virus Strains

HSV-1 (KOS strain) Gabrielle Belz, WEHI

(Smith et al., 2004)

N/A

HSV-1 pCMV/GFP Claerwen Jones, University of

Melbourne (Russell et al., 2015)

N/A

HSV-1 pCMV/mCherry Claerwen Jones, University of

Melbourne (Russell et al., 2015)

N/A

EMCV Michelle Tate, Hudson Insititute

of Medical Research

N/A

LCMV (Docile) Ebert et al., 2015 N/A

VSV (Indiana Strain) A. Moseman N/A

Chemicals, Peptides, and Recombinant Proteins

High molecular weight poly(I:C) Invivogen Cat#tlrl-pic-5

High molecular weight poly(I:C)-Fluorescein Invivogen Cat#tlrl-picf.

High molecular weight poly(I:C)-Rhodamine Invivogen Cat#tlrl-picr

Poly(A:U) Invivogen Cat#tlrl-pau

DEAE-Dextran Sigma Cat#D9885-10G

PhosSTOP Roche Cat#04906845001

cOmplete Protease Inhibitor Cocktail Roche Cat#11697498001

PhosSTOP Roche Cat#04906845001

FuGENE HD Transfection Reagent Promega Cat#E2311

Lipofectamine 2000 Transfection Reagent Thermo Fisher Cat#11668027

Polybrene Infection / Transfection Reagent Millipore Cat# TR-1003

Critical Commercial Assays

Mouse IFN Beta ELISA Kit, High Sensitivity PBL Assay Science Cat#42410-1

LumiKine Xpress mIFN-b ELISA Invivogen Cat#luex-mifnb

IL-6 Ready-SET-Go! ELISA eBioscience Cat#88-7064-22

TNFa Ready-SET-Go! ELISA eBioscience Cat#88-7324-22

Bio-Plex Pro Mouse Cytokine 23-plex Assay Bio-Rad Cat#M60009RDPD

TruSeq Stranded Total RNA Library Prep Kit Illumina Cat#RS-122-2201

RNeasy Plus mini kit QIAGEN Cat#74136

4-12% Bis-Tris NuPAGE gel system Thermo Fisher Cat#NP0321BOX

Superscript III Reverse Transcriptase Kit Thermo Fisher Cat#18080093

QuantiTect SYBR Green RT-PCR Kit QIAGEN Cat#204243

Deposited Data

RNaseq data NCBI GEO #:GSE101960

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Cell Lines

Mouse: embryonic fibroblast (MEF) This paper N/A, generated in house

Mouse: Sidt2�/� mouse embryonic fibroblast (MEF) This paper N/A, generated in house

Mouse: MAVS�/� mouse embryonic fibroblast (MEF) This paper N/A, generated in house

Mouse: Sidt2�/� MAVS�/� mouse embryonic

fibroblast (MEF)

This paper N/A, generated in house

Mouse: shTLR3 mouse embryonic fibroblast (MEF) This paper N/A, generated in house

Mouse: Sidt2�/� shTLR3 mouse embryonic

fibroblast (MEF)

This paper N/A, generated in house

Mouse: MAVS-YFP expressing mouse embryonic

fibroblast (MEF)

This paper N/A, generated in house

Mouse: Sidt2�/� MAVS-YFP expressing mouse

embryonic fibroblast (MEF)

This paper N/A, generated in house

Mouse: Rab7-GFP mouse embryonic fibroblast (MEF) This paper N/A, generated in house

Mouse: DC2.4 Shen et al., 1997 N/A

Mouse: Sidt2-mCherry DC2.4 This paper N/A, generated in house

Primate: Vero ATCC Cat#CCL-81

Human: HEK293T ATCC Cat#CRL-3216

Experimental Models: Organisms/Strains

B6;129S5-Sidt2tm1Lex/Mmucd Taconic RRID:MMRRC_031620-UCD

Mouse: C57/Bl6 Jackson Cat#000664

Oligonucleotides

Primers for ifnb qRT-PCR (F: CCCTATGGAGATGA

CGGAGA; R: CTGTCTGCTGGTGGAGTTCA)

Yen and Ganea, 2009 N/A

Primers for VSV qRT-PCR: VSV (F: TGATACAGTAC

AATTATTTTGGGAC; R:GAGACTTTCTGTTACGGG

ATCTGG)

Chevrier et al., 2011 N/A

Primers for Gapdh qRT-PCR (F: CAACTTTGTCAAG

CTCATTTCCTG; R: CCTCTCTTGCTCAGTGTCCTT)

Sjölinder et al., 2012 N/A

Primers for Sidt2 qRT-PCR (F: CAGAAGGAGGCTG

TTGTGTC; R: CAGGGTAGACACGTCCACAT)

This paper N/A

Primers for Tlr3 qRT-PCR (F: CCCCCTTTGAACTCC

TCTTC; R: TTTCGGCTT CTTTTGATGCT)

Martinez et al., 2010 N/A

Primers for Sidt1 qRT-PCR QIAGEN Cat#QT00147252

sgRNA against mMAVS (F: TCCCGTTGTCTCGGA

TATACTTAT R: AAACATAAGTATATCCGAGACAAC)

This paper N/A

shRNA sequence against mTLR3 (TGCTGTTGACA

GTGAGCGCAAGGGTGTTCCTCTTATCTAATAGT

GAAGCCACAGATGTATTAGATAAGAGGAACACC

CTTTTGCCTACTGCCTCGGA)

This paper N/A

dsDNA-Fluorescein 50 GCATCAAGGTGAACT

TCAA(TT), 30TTGAAGTTCACCTTGATGC(TT)

Bioneer Pacific N/A

Recombinant DNA

Plasmid lentiCas9-Blast Addgene ATCC 52962

Plasmid FgH1tUTG Addgene ATCC 70183

Plasmid pMDLg/pRRE Addgene ATCC 12251

Plasmid pRSV-rev Addgene ATCC 12253

Plasmid pVSV-G Addgene ATCC 8454

Plasmid gag-pol Addgene ATCC 14887

Plasmid LMS Dickins et al., 2005 N/A

Plasmid EEA1-GFP A. Irving, Monash University N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid Rab7-eGFP P. Gleeson, University of

Melbourne

N/A

Plasmid Rab11-eGFP P. Gleeson, University of

Melbourne

N/A

Plasmid Lamp1-YFP A. Irving, Monash University N/A

Plasmid Sidt2-mCherry This paper N/A

Software and Algorithms

FlowJo Version 10.2 FlowJo, LLC https://www.flowjo.com; RRID: SCR_008520

FIJI N/A https://fiji.sc; RRID: SCR_002285

SymPhoTime 64 PicoQuant https://www.picoquant.com/products/

category/software/symphotime-64-

fluorescence-lifetime-imaging-and-

correlation-software

Integrated Genome Browser (IGB) BioVis http://bioviz.org/igb/; RRID: SCR_011792

Rsamtools Version 1.24.0 BioConductor http://bioconductor.org/packages/release/

bioc/html/Rsamtools.html

Other

m-Slide 8 Well Ibidi Cat# 80826
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the Lead Contact, Ken Pang

(ken.pang@mcri.edu.au).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Mice were bred and maintained in the animal facilities at the Walter and Eliza Hall Institute of Medical Research (WEHI) and at the

Department of Molecular and Cellular Biology, Harvard University, according to national and institutional guidelines for animal

care. Mice were housed in individual ventilated cages at 19 - 24�C and maintained on a 14 h light to 10 h dark cycle with continuous

access to Barastoc CustomMixed Ration (irradiated) and acidified and filtered water. All experimental procedures were approved by

the relevant animal ethics committees at the WEHI and Harvard University. Targeted Sidt2 alleles were generated as part of a mouse

knockout library for transmembrane proteins as described previously (Tang et al., 2010), andmicewere obtained from the Knock-Out

Mouse Project (KOMP) Repository (www.komp.org). These mice were originally on a 129 background but were subsequently back-

crossed 6 times onto a C57BL/6. Age-matched female mice were used for infection experiments.

Cell lines and reagents
Sidt2+/+ and Sidt2�/�MEFs were generated from littermates at E13.5 and cultured at 5%CO2 in DMEMwith 10% fetal bovine serum

(FBS) using standard methods (Sun et al., 2007). Dendritic cell-like cell line, DC2.4 (Shen et al., 1997), was cultured at 37�C and 5%

CO2 in DMEMwith 10% fetal bovine serum (FBS). Primary BMDCs were generated and cultured as previously described (Pang et al.,

2009; Pang et al., 2006). Briefly, bone marrow was flushed from the hind legs of 6 – 9 week old Sidt2+/+ and Sidt2�/� mice and incu-

bated in 10% X-63 (GM-CSF) supernatant for 7 days. Cells were then harvested by aspiration and used for experiments. Primary

BMDMs were generated and cultured as previously described (Davis, 2013). Briefly bone marrow was flushed from the hind legs

of 6 – 9 week old Sidt2+/+ and Sidt2�/� mice and incubated in 20% L929 (G-CSF) supernatant for 6 days. Cells were then harvested

by scraping and used for experiments. Vero cells (a kind gift from C. Jones) were cultured at 37�C and 5% CO2 in DMEM supple-

mented with 10% FBS. To generate cell lines with stably inducible SIDT2-mCherry or MAVS-YFP, cells were infected with relevant

lentiviral constructs (see below) and selected in puromycin. For SIDT2-mCherry constructs, full-length mouse SIDT2 (a kind gift from

L. Attardi, Stanford University) was amplified via PCR, cloned into a lentiviral vector in which expression of the target gene is under the

control of a reverse tetracycline-controlled transactivator (rtTA) (Kelly et al., 2014) (a kind gift from T Okamoto and D. Huang, WEHI),

ligated to mCherry at the C terminus, and then verified by sequencing. For YFP-MAVS constructs, full-length human MAVS-YFP

(a kind gift from Q. Sun, Institute of Zoology, Chinese Academy of Sciences) was amplified via PCR, and cloned into the same lenti-

viral vector as described above.
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METHOD DETAILS

SID-1 family members: phylogenetic analysis and mammalian expression
The radial tree display in Figure S1A was assembled using the multiprotein alignment tool COBALT (Papadopoulos and Agarwala,

2007), accessed via NCBI, using the proteins listed in Table S1. The radial tree display used neighbor joining, Grishin distancematrix,

andmax_seq = 0.85. For Figure S2, publicly availablemicroarray data formouseSidt1 andSidt2 from theGNFGene Expression Atlas

were downloaded from BioGPS (Wu et al., 2009), while RNaseq data for human, mouse and rat Sidt1 and Sidt2 from the GTEX con-

sortium and others (Barbosa-Morais et al., 2012; Consortium, 2013; Merkin et al., 2012) were downloaded via the EMBL-EBI Expres-

sion Atlas (Petryszak et al., 2014). For display purposes, expression thresholds of 10 relative fluorescence units (for microarray data)

and 0.5 FPKM (for RNaseq data) were used.

SIDT2 subcellular localization
The following constructs were transiently transfected into cells in association with FuGENE HD (Promega) according to manufac-

turer’s instructions: EEA-1-GFP and LAMP1-YFP (kind gifts from A. Irving, Monash Micro Imaging, Monash University); RAB7-

eGFP and RAB11-eGFP (kind gifts from P. Gleeson, University of Melbourne). Briefly, 7x103 Sidt2-mCherry transduced MEF cells

were seeded in m-Slide 8 Well (Ibidi) and treated with 1 mg/mL doxycycline for 32 h to induce SIDT2-mCherry expression. Cells

were subsequently transiently transfected with 0.25 mg of either EEA-1-GFP, LAMP1-YFP, RAB7-eGFP or RAB11-eGFP plasmid us-

ing FuGENE HD transfection reagent for 48 h at 37�C, 5%CO2. Cells were then imaged live every 30 s for 20min on a Leica SP8 laser

scanning confocal microscope. Experiments were repeated at least 2 times.

FRET FLIM
5x103 SIDT2-mCherry transduced DC2.4 cells were seeded in m-Slide 8 Well (Ibidi) and treated with 1 mg/mL doxycycline for 32 h to

induce SIDT2-mCherry expression. Cells were subsequently treated with either 1 mg/mL poly(I:C)-fluorescein or transfected with

100 nM dsDNA-fluorescein complexed with FuGENE HD for 1 h at 37�C. dsDNA-Fluorescein (FAM) was purchased from Bioneer

Pacific, and corresponded to the following sequence: 50 GCA TCA AGG TGA ACT TCA A(TT), 30 TTG AAG TTC ACC TTG ATG

C(TT). Cells were then washed, and fixed in 4% paraformaldehyde for 10 min on ice. FLIM data was recorded using an Olympus

FV1000 microscope equipped with a PicoHarp300 FLIM extension and a 485 nm pulsed laser diode from PicoQuant (Berlin, Ger-

many). Cells were first imaged for green and red fluorescence by confocal microscopy using the Olympus FV100 system with a

60x oil immersion objective to verify presence of both donor (fluorescein) and acceptor (mCherry) dyes. Subsequently corresponding

FLIM images of green fluorescence was recorded using the PicoHarp extension. Pixel integration time for FLIM images was kept at

40ms per pixel and fluorescence lifetime histogramswere accumulated to at least 10,000 counts in themaximum to ensure sufficient

statistics for FLIM-FRET analysis. Photon count rates were kept below 5% of the laser repetition rate to prevent pileup. FLIM-FRET

analysis was performed using the SymPhoTime 64 software (PicoQuant). Poly(I:C)-fluorescein or dsDNA-fluorescein positive com-

partments of individual cells were chosen as regions of interest (ROIs), then the fluorescence lifetime decay of each ROI was de-

convolved with the measured instrument response function and fitted with a biexponential decay. The amplitude weighted average

lifetime was extracted from each fit and averaged over all values of one sample condition. P values were determined to assess the

significance of donor lifetime changes in absence and presence of the SIDT2-mCherry acceptor. Experiments were repeated at least

3 times.

In vivo viral infections and dsRNA challenge
For EMCV infections, 6-week-old female mice were infected with 50 PFU via i.p. injection. For survival studies, animals were followed

for 8 days; for cytokine analysis, serum and peritoneal lavage fluid were harvested at 3 days p.i. infection and for viral titers, whole

heart homogenate and peritoneal exudate cells (PECs) frommice 3 days p.i. were assessed by viral plaque assay using Vero cells. For

HSV-1 infections, 6-8 week old female mice were infected with 23 107 PFU HSV-1 (KOS strain) via i.p. injection (Smith et al., 2004).

For survival studies, animals were followed for 8 days; for cytokine analysis, serumwas harvested at 8 and 16 h post infection; and for

dsRNA localization studies, peritoneal cells were isolated at 16 h post infection via peritoneal lavage. For VSV infections, 3-month-old

mice were infected with 106 PFU VSV (Indiana strain, a kind gift from A. Moseman) via footpad injection, and draining popliteal lymph

nodes were harvested at 6 h post infection for Ifn-bmRNA quantification. For LCMV infections, 6-8 week old mice were injected i.v.

with 2x106 PFU LCMV (Docile strain) (Ebert et al., 2015), and serum was subsequently collected at 24 h post infection for cytokine

analysis. For viral titers, lung, liver and brain were collected and homogenized at 8 and 28 days p.i. and assessed via plaque assay.

For dsRNA challenge, age-matched female mice were injected i.p. with 50 mg poly(I:C) per 25 g body weight or 300 mg poly(A:U) per

25 g body weight, and serum was collected 3 h later for cytokine analysis. Experiments were repeated at least 3 times.

IFNb and cytokine analysis
Assessment of serum IFN-b and IFN-l was performed via ELISA according to the manufacturer’s instructions (PBL Assay Science

(Piscataway, NJ) and R&D Systems respectively). For HSV-1 in vivo infection, mice that did not produce detectable IFNb at 8 h p.i.

were excluded from the experiment. To assess IL-6, RANTES and IL-12 p40, serumwas analyzed via a Bio-Plex cytokine assay (Bio-

Rad) according to manufacturer’s instructions. To compare Ifnb mRNA, total RNA was isolated using an RNeasy kit (QIAGEN),

treated with DNase I (Roche), reverse transcribed with ThermoScript (Life Technologies), and quantitative PCR performed on a
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DNA Engine Opticon system (Bio-Rad) using QuantiTect SYBR Green PCR reagents (QIAGEN) and the following primers for IFNb

(F: CCCTATGGAGATGACGGAGA; R: CTGTCTGCTGGTGGAGTTCA), VSV (F: TGATACAGTACAATTATTTTGGGAC; R:GAGACTTT

CTGTTACGGGATCTGG) and Gapdh as a normalization control (F: CAACTTTGTCAAGCTCATTTCCTG; R: CCTCTCTTGCTC

AGTGTCCTT) (Chevrier et al., 2011; Sjölinder et al., 2012; Yen and Ganea, 2009). Assessment of cell culture supernatant IL-6 and

TNF-a was performed via ELISA according to manufacturer’s instructions (eBioscence).

Western blotting
For immunoblotting, equivalent numbers of Sidt2+/+ and Sidt2�/�MEFswere permeabilised in 0.025%digitonin (with 20mMHEPES-

NaOHpH7.5, 100 nM sucrose, 2.5mMMgCl2, 100mMKCl, and protease inhibitors (Roche)) for 10min and centrifuged at > 10,000 g.

The resulting pellets were lysed in KALB buffer and denatured in 4X SDS-PAGE sample buffer. For detection of SIDT2, a monoclonal

antibody recognizing mouse SIDT2 (amino acids 29-40: SQKDAEFERTYA) was generated by immunizing BALB/C mice and

screening the resultant hybridomas (Abmart, Shanghai, China) for suitable clones using a flow-cytometry based method as previ-

ously described (O’Reilly et al., 1998). For SIDT2 immunoblotting, lysates were first subjected to immunoprecipitation with anti-

SIDT2 Ab-conjugated, NHS-activated Sepharose (GE Healthcare) overnight at 4�C; beads were subsequently washed in KALB

buffer, and bound proteins eluted in 4x SDS-PAGE sample buffer at 95�C. For pIRF3 and IRF3 immunoblotting, 2x106 Sidt2+/+

and Sidt2�/� BMDMs were lysed in RIPA buffer supplemented with protease inhibitor and PhosSTOP (Roche) and denatured in

4x SDS-PAGE sample buffer at 95�C. Proteins were separated on NuPAGE Novex 4%–12% Bis-Tris Gels (Life Technologies),

and transferred electrophoretically to Hybond ECL nitrocellulose membrane, blocked in 5% skim milk, incubated with the relevant

primary antibodies, and washed again. Membranes were then incubated for 1 h with horseradish peroxidase-conjugated secondary

antibodies, washed, and treated with Luminata ForteWestern HRP substrate (Millipore), and visualized on the ChemiDocMP system

(Bio-Rad). Experiments were repeated at least 3 times.

qRT-PCR
For Sidt2 RNA analysis, total RNAwas isolated and cDNA synthesized from Sidt2+/+ and Sidt2�/�MEFs as described above, then 30

cycles of PCR performed forSidt2 using the following primers (F: CAGAAGGAGGCTGTTGTGTC; R: CAGGGTAGACACGTCCACAT).

For Tlr3 RNA analysis, total RNA was isolated from MEFs and analyzed by qRT-PCR using the following primers: (F: CCC CCT TTG

AAC TCC TCT TC andR: TTT CGGCTTCTT TTGATGCT) (Martinez et al., 2010). For Sidt1RNA analysis, total RNAwas isolated from

WT BMDMs and analyzed by RT-PCR as described above using primers purchased from QIAGEN (cat no. QT00147252). Experi-

ments were repeated at least 2 times.

dsRNA internalisation and subcellular localization
To assess poly(I:C) internalisation, cells were treated with 1 mg/mL of fluorescein- or rhodamine-conjugated poly(I:C) at either 37�Cor

4�C (the latter served as a negative control) for 1 h, washed and analyzed on an LSR II flow cytometer (BDBiosciences). Internalisation

of 32P-labeled 500bp dsRNA was assessed for replicates of 1 million BMDCs pre-incubated at assay temperature for 10 min prior to

resuspension in media containing 10 ng/ml 32P-labeled 500bp dsRNA. Following 1 hour of incubation cells were processed as pre-

viously described (Feinberg and Hunter, 2003). To characterize the subcellular localization of dsRNA, different methods were

employed depending on the cell populations being assessed and the nature of the dsRNA under investigation. In the first method,

doxycycline treated, SIDT2-mCherry transduced DC2.4 cells were treated for 1 h with 1 mg/mL poly(I:C)-fluorescein at 37�C in 8 well

chamber m-slides washed in PBS, and fixed in 4% paraformaldehyde (PFA) on ice, and then imaged on a Zeiss LSM 780 confocal

microscope. To assess the proportion of poly(I:C) within the endocytic compartment, the poly(I:C)-fluorescein signal was thresholded

using the FIJI software package (Schindelin et al., 2012) to ensure that only those FITCbright punctate regions within the cell were

evident; for each individual cell, the total area occupied by these regions was then calculated as a proportion of the entire cell

area; an average % was then derived across the entire cell population. In the second method, BMDCs were incubated for the indi-

cated times with 2 mg/mL poly(I:C) ± 50 mg/mL DEAE-dextran, washed in PBS, fixed for 10min in 4%PFA on ice, permeabilised using

0.1% Tween/PBS, blocked in 5% normal goat serum for 1 h, stained with J2 primary antibody and then anti-mouse Alexa-594 sec-

ondary antibody, mounted onto glass slides using a Cytospin centrifuge (ThermoScientific), and finally imaged on a Zeiss LSM 780

confocal microscope. The proportion of poly(I:C) within the endocytic compartment was then calculated as described above, but

thresholdingwas performed on the basis of Alexa-594 rather than FITC signal. In the thirdmethod, Vero were grown in 8well chamber

slides, infected with HSV-1 at an MOI of 1, and J2 staining performed as described above after 48 h. Similarly, following HSV-1 i.p.

infection in vivo, peritoneal lavage cells were harvested at 16 h, stainedwith J2 Ab as described above, andmounted onto glass slides

using a Cytospin centrifuge. Experiments were repeated at least 3 times.

Assessment of MAVS activation in MEFs
To assessMAVS activation in response to poly(I:C), Sidt2�/� andWTMEFs were grown in 8 well chamber slides and transfected with

MAVS-YFP using Fugene HD according to manufacturer’s instructions. After 24 h, cells were washed in PBS, re-plated in fresh

DMEMwith 10% FBS for 4 h, treated with 2 mg/mL poly(I:C) for 1 h at 37�C, fixed in 4% PFA for 10 min on ice, and imaged on a Zeiss

LSM780 confocal microscope. To determine the proportion of cells displayingMAVS activation, individual YFP+ cells were scored for

the presence or absence of MAVS-YFP aggregation across multiple fields, and an average% calculated. To assessMAVS activation

in response to HSV-1 infection, MAVS-YFP transducedSidt2�/� andWTMEFswere grown in 8well chamber slides and infectedwith
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HSV-1 mCherry at an MOI of 1. After 24 h, the cells were treated with 0.5 mg/mL doxycycline for a further 24 h to induce MAVS-YFP

expression, fixed in 4% PFA for 10 min on ice, and imaged on a Zeiss LSM 780 confocal microscope. Experiments were repeated

3 times and the data pooled across the 3 independent experiments.

Generation of Mavs–/– MEFs using CRIPSR/Cas9
Sidt2+/+ and Sidt2�/� MEFs were infected with lentiCas9-Blast. Cells were selected using Blasticidin (10mg/ml) for 48 h at 37�C, 5%
Co2. Specific sgRNA against mMAVS (F: TCCCGTTGTCTCGGATATACTTAT R: AAACATAAGTATATCCGAGACAAC) was ligated

into the BsmB1 restriction site of the inducible sgRNA lentiviral vector (FgH1t_UTG). Lentivirus particles were produced by transient

transfection of HEK293T cells with passenger DNA (10 mg), packaging vectors pMDL (5mg) and pRSV-rev (2.5mg) and envelope vector

pVSV-G (3mg) using Lipofectamine 2000 (Life Technologies). The media was changed to DMEM + 10% FCS at 24 h post transfection

and viral supernatant was collected at 48 h – 72 h. A total of 1 3 105 Sidt2+/+ and Sidt2�/� MEFs were infected with 2 mL viral su-

pernatant supplemented with 8 mg/ml polybrene and centrifuged at 840 x g for 3 h at 32�C, before incubation at 37�C overnight.

The process was repeated the following day, and viral supernatant was replaced with freshmedia following centrifugation. Cells pos-

itive for eGFP were sorted and CRISPR Cas9 targeting was induced with doxycycline as previously described (Aubrey et al., 2015).

Generation of Tlr3 knockdown MEFs using shRNA
A miR-30-based shRNA against TLR3 was synthesized as 97 bp oligo by GeneWorks (TGCTGTTGACAGTGAGCGCAAGGGTGTT

CCTCTTATCTAATAGTGAAGCCACAGATGTATTAGATAAGAGGAACACCCTTTTGCCTACTGCCTCGGA), PCR-amplified, cloned

into LMS vector (Dickins et al., 2005) and verified by sequencing. Retrovirus particles were produced by transient transfection of

293T cells with shRNA against TLR3 or LMS empty vector (20mg), packaging vector gag-pol (10mg) and envelope vector VSVg

(1mg) using Lipofectamine 2000 (Life Technologies). The media was changed to DMEM + 10% FCS at 24 h post transfection and viral

supernatant was collected at 48 h – 72 h. A total of 1 3 105 Sidt2+/+ and Sidt2�/� MEFs were infected with 2 mL viral supernatant

supplemented with 4 mg/ml polybrene and centrifuged at 840 x g for 3 h at 32�C, before incubation at 37�C overnight. The process

was repeated the following day, and viral supernatant was replaced with fresh media following centrifugation. Cells positive for GFP

were sorted and used for experiments as stated.

RNaseq
1x106 Vero cells were infected with 0.5 MOI HSV-1-mCherry (Russell et al., 2015) for 48 h and HSV-1+ and HSV-1- cells were sorted

based on mCherry fluorescence. Uninfected cells were used as a negative control. Three independent biological replicates of each

condition were obtained. RNA was extracted using the RNeasy Plus mini kit (QIAGEN) followed by quantification and quality control

using TapeStation 2200 (Agilent Technologies). RNA sequencing libraries were prepared using the Illumina TruSeq stranded total

RNA library prep kit and sequenced on an Illumina NextSeq 500. On average, 45.4 million 75 base pair paired-end reads were ob-

tained for each sample. To distinguish Green Monkey and HSV-1 (KOS strain) RNA, an index was built containing both genomes us-

ing the Rsubread package (Liao et al., 2013). The reference genome and gene annotation for both the Green Monkey and HSV-1

(KOS) strain was obtained via NCBI (assembly Chlorocebus_sabeus 1.1 and version JQ673480.1 respectively). All readswere aligned

to this combined genome using the Rsubread aligner (Liao et al., 2013). Coverage plots were generated using Integrated Genome

Brower (IGB) (Freese et al., 2016). For visualization, the aligned samples were sorted and indexed using Rsamtools version

1.24.0. RNaseq data is publicly available at Gene Expression Omnibus (Accession GSE101960).

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphpad Prism (version 7) was used for all statistical analyses. Statistical analyses were performed using unpaired, two-tailed

Student’s t tests or two-way ANOVAs, except in the case of the HSV-1 and EMCV survival analysis, where a generalized Wilcoxon

(Gehan–Breslow) test was used to compare survival curves. P values < 0.05 were considered statistically significant. Sample sizes (n)

are provided in the respective figure legends.
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Figure S1 – C. elegans SID-1 is conserved across diverse animal species, and its vertebrate orthologs, SIDT1 
and SIDT2, are closely related.
(Related to "SID-1 family members: phylogenetic analysis” in STAR Methods)
(A) Radial-tree display of aligned SID-1 homologous gene sequences by neighbour joining. SID-1 homologs are 
detected in nearly all sequenced animal phyla (including the primitive metazoan, Trichoplax, as well as 
choanoflagellates and Dictyostelium) but remain undetected in Diptera, Ascidiacea, plants, and prokaryotes. (B) 
Sequence identity (black background), similarity (grey) and SIDT1-specific differences (blue) of carboxy-terminal 
100 amino acids (T1=SIDT1, T2=SIDT2, Ce=C. elegans). Identical amino acids in all seven sequences are shown at 
the bottom.
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Figure S2 – Targeting strategy and validation of Sidt2-/- mice.
(Related to Figures 2,3,4, 6 and 7) 
(A) Schematic of the endogenous Sidt2 allele, Sidt2 targeting construct, and mutated Sidt2 allele following 
replacement of exons 1 and 2 with a LacZ-neomycin cassette. (B) RT-PCR analysis of Sidt2 mRNA in Sidt2+/+ and 
Sidt2-/- BMDCs following 30 amplification cycles. Gapdh mRNA served as a positive control. (C) Western blot 
analysis of SIDT2 protein in Sidt2+/+ and Sidt2-/- MEFs following digitonin treatment and 
subsequent immunoprecipitation (IP) of SIDT2. TBP protein from the lysis buffer prior to IP served as an input 
control. Expected size of SIDT2: 95 kDa.



Positive strand
Negative strand

HSV-1
+ve

HSV-1
-ve

Uninfected

9.1k 9.2k 9.3k 9.4k 9.5k 9.6k

UL41 UL42 UL43

A

B

FSC-A
0 50K 100K 150K 200K 250K

0

-10 3

10 3

10 4

10 5

m
C

he
rry

m
C

he
rry

FSC-A
0 50K 100K 150K 200K 250K

0

-10 3

10 3

10 4

10 5

Uninfected
HSV-1
-ve

HSV-1
+ve37.3%

56.1%93.4%

1000

1000

3000

3000

1000

1000

0

0

0

0

0

0

Figure S3

HSV-1 
genome



Figure S3 – HSV-1 viral dsRNA is detectable in HSV-1- bystander cells. 
(Related to Figure 2) 
(A) Vero cells were infected with 0.5 MOI HSV-1-GFP for 48 h (right panel) and HSV-1+ and HSV-1- cells isolated
by fluorescence-activated cell sorting (FACS). As a negative control, uninfected Vero cells were also isolated (left
panel). (B) Representative RNAseq coverage plots from HSV-1+, HSV-1– and uninfected Vero cells of the HSV-1
genome are shown. To determine the presence of double-stranded RNAs, stranded RNAseq was performed in order
to distinguish between reads from the positive strand and the negative strand.
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Figure S4 – Loss of SIDT2 does not impair innate immunity to VSV and LCMV. 
(Related to Figure 2 and 3) 
Sidt2+/+ and Sidt2-/- mice (n=7-9) were infected with VSV via footpad injection, and (A) Ifnb and (B) VSV mRNA 
within the draining popliteal lymph node were measured at 6 h p.i. by qRT-PCR and expressed relative to Gapdh. (C) 
Sidt2+/+ and Sidt2-/- mice (n=5-7) were infected with LCMV (intravenous) and serum IFN-ß measured by ELISA at 
24h p.i. (D-F) Viral titres in lung, liver and brain of mice 8 days (D-F) and 28 days (H-J) p.i. were measured via viral 
plaque assay. Data are plotted as mean ± SEM. n.s. = not significant.  Serum IFN-ß was undetectable in uninfected 
mice.  
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Figure S5 – Loss of SIDT2 leads to accumulation of dsRNA. 
(Related to Figures 4) 
(A) MEFs from Sidt2+/+ and Sidt2-/- mice stably were treated with poly(I:C)-rhodamine for 60 min, stained with an 
anti-Rab7 antibody (green), and analysed via confocal microscopy. Data are representative of 3 independent 
experiments. (B) Cells were retrieved via peritoneal lavage from Sidt2+/+ and Sidt2-/- mice (n=3) infected with 1x107 
PFU HSV-1-GFP at 16 h p.i., stained with J2 dsRNA and DAPI antibody. Representative confocal images show 
localisation of HSV-1 dsRNA (red) in infected and uninfected cells. 
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Figure S6 – Generation and assessment of of of Sidt2-/- Mavs-/- and Sidt2-/- shTlr3 MEFs following HSV-1 
infection. 
(Related to Figure 7) 
 (A) Protein lysates from Sidt2+/+ and Sidt2-/- MEFs that had been targeted by CRISPR (doxycycline-inducible) for 
Mavs were immunoblotted with MAVS antibody and protein loading was confirmed by blotting for β-actin. (B) RNA 
was prepared from Sidt2+/+ and Sidt2-/- MEFs transduced with shTlr3 or empty vector control and Tlr3 expression 
normalised to expression Gapdh was measured by qRT-PCR and expressed relative to empty vector control. Data is 
plotted as ± SD. (C) shTLR3 and Sidt2-/- shTLR3 MEFs were infected with 1 MOI mCherry-tagged HSV-1 and IFN-β 
was measured in cell culture supernatant at 96 h p.i. via ELISA. Sidt2+/+ and Sidt2-/- MEFs transduced with retroviral 
vector lacking shRNA (empty vector) were used as controls.  
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Figure S7 – SIDT2 facilitates the endosomal escape of internalised dsRNA for cytosolic sensing by the RLRs 
and bystander activation of innate immunity.  
 (A) Upon internalisation via receptor-mediated endocytosis, extracellular dsRNA enters the endocytic pathway. 
SIDT2 transports this internalised dsRNA across the endosomal membrane into the cytoplasm, where it can be 
detected by RIG-I and MDA-5 leading to activation of MAVS and type I IFN production. Although endosomal dsRNA 
can also be sensed by TLR3, the contribution of this signalling pathway to type I IFN production following 
extracellular dsRNA exposure in vivo (e.g. poly(I:C)) is minor (Gitlin et al., 2006). (B) Viruses rely on multiple 
strategies to inhibit the innate immune response in infected cells leading to immune suppression in these cells. The 
transfer of dsRNA from infected cells to uninfected cells leads to SIDT2-dependent bystander activation of innate 
immunity via MAVS. The mechanisms by which dsRNA is transferred extracellularly remain to be determined, but 
might include cell lysis (e.g. due to the virus itself or immune destruction) and/or active release (e.g. via extracellular 
vesicles). 
 
 
 
 



Table	S1	
	
Accession	 Description	
NP_001035545.1	 SIDT2	[Homo	sapiens]	human	
NP_060169.2	 SIDT1	[Homo	sapiens]	human	
NP_758461.1	 SIDT2	[Mus	musculus]	mouse	
EDK98036.1	 SIDT1	[Mus	musculus]	mouse	
*	 SIDT2	[Xenopus	tropicalis]	frog	
*	 SIDT1	[Xenopus	tropicalis]	frog	
XP_001233566.1	 SIDT2	[Gallus	gallus]	bird	
XP_416544.2	 SIDT1	[Gallus	gallus]	bird	
AAI55670.1	 SIDT2	[Danio	rerio]	fish	
XP_001520303.1	 SIDT1	[Ornithorhynchus	anatinus]	platypus	
XP_001502624.1	 SIDT2	[Equus	cabballus]	horse	
ACH970561.1	 SID2	[Otolemur	garnetti]	bush	baby	
XP_002597180.1	 SIDT-1/2	[Branchiostoma	floridae]	lancelet	
NP_504372.2	 SID-1	[Caenorhabditis	elegans]	nematode	
XP_002636380.1	 SID-1	[Caenorhabditis	briggsae]	nematode	
XP_002645379.1	 TAG-130	[Caenorhabditis	briggsae]	nematode	
NP_509489.1	 TAG-130	[Caenorhabditis	elegans]	nematode	
XP_001605484.1	 SID-1	[Natsonia	vitripennis]	wasp	
NP_001099012.1	 SID-1-related	A	[Tribolium	castaneum]	beetle	
BAF95807.1	 SID-1-like	protein2	[Bombyx	mori]	moth	
NP_001106736.1	 SID-1	related	gene3	[Bombyx	mori]	moth	
XP_001951907.1	 SID-1	[Acyrthosiphon	pisum]	aphid	
ABP98803.1	 SID-1	[Aphis	gossypii]	aphid	
XP_002576874.1	 SID-1	[Schistosoma	mansoni]	flatworm	
XP_002114117.1	 SID-1	[Trichoplax	adhaerens]	Placozoa	
XP_002168603.1	 SID-1	[Hydra	magnipapillata]	Cnidaria	
XP_001742158.1	 SID-1	[Monosiga	brevicollis]	Choanoflagelate	
XP_001733041.1	 SID-1	[Dictyostelium	discoideum	AX4]	slime	mold	
	



SUPPLEMENTAL TABLES 
 
Supplemental Table 1. Accession number and description of proteins used in Supplemental Figure 1.  
* Xenopus tropicalis SidT1 and SidT2 cDNA clones (IMAGE ID 7655239 and Sanger EST Clone ID TGas116o12) 
were obtained from Geneservice (www.geneservice.co.uk), and confirmed as full-length cDNAs by sequencing and 
comparison to EST clusters assembled in the Gordon Institute Full-Length database (Gilchrist et al., 2004). The 
corresponding protein sequences are listed below: 

 
X. tropicalis SIDT1 
MMAGMRPIWG NWILIFWLGT CAEALTRATG SKPAEFGKRY TGFVDKNTEE LYSFSYTSKN 
DTVDALRVFV SSNSINLEFP VLFVVRQQKA ILSWQVPMVF RGNFPRTYTY QDVSRTLCPT 
EPEEGTGSQE QFIYIDIASM SPSIVQYELM VTRLLSFQLK TSVPFNFSAS PSQPQYFLYT 
FPEGVDSVII KVKSPENYPC SVVSVQDISC PVYDLDYNVE FNGVYQTMTK QAAITVQRKE 
YPGGKFYVVF VIKPEDYTCG GTVPQSTQGS GNHTWNLKRV KHMEVTVSPS VKDSVYVQAT 
LLCLLYFLIF YVGSLLVAFV HYVSIHRKER NLKGSPDEGE GTVAASHPIT TSTPDGSSYG 
AIDESSPGAR KMTPPPIPRP RVYSDSSADE ESDFDAIPEM ETDKNVIRAK TFLYVSDLAV 
KDRRVVSKKY RIYFWNIITI AVFYALPVVQ LVITYQTVLN VTGNQDICYY NFLCAHPLGV 
LSAFNNVMSN MGHVLLGFLF LLIVLRRDLL HRHLLEVNDT YAKDYGIPKH FGLFYTMGVA 
LIMEGVLSAC YHVCPNYSNF QFDTSFMYMI AGLCMLKLYQ TRHPDINASA YAAYASFALV 
IFLAVMGVIF GKDNIWFWVI FSIVHVVGSL ALSTHIYYMG RFRIDVSNAD FGIFKRIAQV 
LYTDCMQQCS RPMYMDRMIL LIVGNIVNWL FAIFGLVFRP RDFPSYLLGI FICNLLLYLA 
FYIIMKLRSS ERIQTLPLFC IIATAVVWAA ALYFFFQTLS SWEQTPAESR EKNRSCIILH 
FFDDHDIWHF LSATAMFFSF LVLLTLDDDL DVVRRDKIPV F 
 
 
X. tropicalis SIDT2 
MPVFGVLLLI WHIGLSLGGN TYFQDKVIVQ KNAEFNKEYN DSVNAEQQNI YAFNHTMLRN 
KTDGVRVSVN VLSDQKATPL LFVVRQKEAV VSFQVPLALR GQYQRNYLYQ DVGRTLCQPP 
TRAEAETESF YVDVSTLAEK NTTYRLRVTH VENFVLQTNG PFNFNATPAQ PQYFKYLFPE 
GVESVIVKVS SSSVFPCSVI SVQDIQCPVY DLDNNVAFIG MYQTMTKKAA ITVQRKDFSS 
GGFYVVVVVK TEDEACGGAL PLFPLHQDIP VDHLSRQKNL EVLVSPAINR NVYVAGMLFC 
LGVFLSFYLV ALLISCWEQY RKKNKSEDPF LNSASSLNDE TASLLGKPPM CPKYDACGYG 
SIAAQHSSSV PSPEDCTDSL VSSGEATYSY TDRSLENLVS RNRLESLSSV EEDDYDTLTD 
IESDKNVIRT KKFLCVSDLA RKDKRVMRKK YQIYFWNIST IAVFYALPVI QLVITYQTVV 
NVTGNQDICY YNFLCAHPLG SLSAFNNILS NLGYVMLGLL FLVIVLQREL SHNHNRMNIR 
GQLQECGIPK HFGLFYAMGT ALMMEGLLSA CYHVCPNYTN FQFDTSFMYM IAGLCMLKLY 
QKRHPDINAS AYSAYACLAI VIFFSVVGVV FGNGNTIFWV VFSVIHILFT LLLSTQLYYM 
GRWRLDSAIL RRIFHVLYTD CVRQCSPPMY VDRMVLLVMG NIVNWSLAAY GLIVRPKDFA 
SYLLAIGICN LLLYFAFYII MKLRSGERIL PIPLLCITCT SVVWGFALFF FFQGLSTWQK 
TPAESREHNR NCILLGFFDD HDIWHFLSSI AMFGSFLVLL FLDDDLDSVQ RDKIFVF 
 
GVESVIVKVS SSSVFPCSVI SVQDIQCPVY DLDNNVAFIG MYQTMTKKAA ITVQRKDFSS 
GGFYVVVVVK TEDEACGGAL PLFPLHQDIP VDHLSRQKNL EVLVSPAINR NVYVAGMLFC 
LGVFLSFYLV ALLISCWEQY RKKNKSEDPF LNSASSLNDE TASLLGKPPM CPKYDACGYG 
SIAAQHSSSV PSPEDCTDSL VSSGEATYSY TDRSLENLVS RNRLESLSSV EEDDYDTLTD 
IESDKNVIRT KKFLCVSDLA RKDKRVMRKK YQIYFWNIST IAVFYALPVI QLVITYQTVV 
NVTGNQDICY YNFLCAHPLG SLSAFNNILS NLGYVMLGLL FLVIVLQREL SHNHNRMNIR 
GQLQECGIPK HFGLFYAMGT ALMMEGLLSA CYHVCPNYTN FQFDTSFMYM IAGLCMLKLY 
QKRHPDINAS AYSAYACLAI VIFFSVVGVV FGNGNTIFWV VFSVIHILFT LLLSTQLYYM 
GRWRLDSAIL RRIFHVLYTD CVRQCSPPMY VDRMVLLVMG NIVNWSLAAY GLIVRPKDFA 
SYLLAIGICN LLLYFAFYII MKLRSGERIL PIPLLCITCT SVVWGFALFF FFQGLSTWQK 
TPAESREHNR NCILLGFFDD HDIWHFLSSI AMFGSFLVLL FLDDDLDSVQ RDKIFVF 
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