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SUMMARY
The microbiota are vital for immune homeostasis and provide a competitive barrier to bacterial and fungal
pathogens. Here, we investigated how gut commensals modulate systemic immunity and response to viral
infection. Antibiotic suppression of the gut microbiota reduced systemic tonic type I interferon (IFN-I) and
antiviral priming. The microbiota-driven tonic IFN-I-response was dependent on cGAS-STING but not on
TLR signaling or direct host-bacteria interactions. Instead, membrane vesicles (MVs) from extracellular bac-
teria activated the cGAS-STING-IFN-I axis by delivering bacterial DNA into distal host cells. DNA-containing
MVs from the gut microbiota were found in circulation and promoted the clearance of both DNA (herpes sim-
plex virus type 1) and RNA (vesicular stomatitis virus) viruses in a cGAS-dependent manner. In summary, this
study establishes an important role for the microbiota in peripheral cGAS-STING activation, which promotes
host resistance to systemic viral infections. Moreover, it uncovers an underappreciated risk of antibiotic use
during viral infections.
INTRODUCTION

Barrier surfaces of all multicellular organisms are constantly popu-

lated by the commensal microbes also known as the microbiota

that influence many hosts’ physiological processes (Blander

et al., 2017; Hooper et al., 2012). The vast majority of these are

obligate extracellular bacteria resident within the gut. These mi-

crobes are vital for the development and maturation of the

immune system (Littman and Pamer, 2011) and provide host pro-

tection against bacterial and fungal pathogens by outcompeting

these pathogens for nutrients or sites of attachment and by pro-

ducing antimicrobial substances (Khosravi and Mazmanian,

2013). However, how the microbiota impact viral infections re-

mains enigmatic. Depending on the context, they can promote

or protect against viral invasion (Abt et al., 2012; Bradley et al.,

2019; Chou et al., 2015; Ichinohe et al., 2011; Jones et al., 2014;

Kane et al., 2011; Kuss et al., 2011; Robinson et al., 2014; Steed

et al., 2017; Stefan et al., 2020; Wilks et al., 2013).

Type I interferons (IFN-Is) are vital for antiviral immunity.

Although produced in large quantity during infections, IFN-Is

are also produced at steady state albeit at low levels. These

basal IFN-Is are essential for maintaining the immune system

in a constant state of alert for a robust response to infections
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and other danger cues (Gough et al., 2012; Taniguchi and

Takaoka, 2001). IFN-Is are induced mainly via three families of

innate immune receptors: the plasma/endosomal membrane-

localized Toll-like receptors (TLRs) (Kawai and Akira, 2011), the

intracellular Rig-I-like receptors (RLRs) that sense RNA (Loo

and Gale, 2011), and the cyclic GMP-AMP synthase (cGAS)

that surveys the cytosol for microbial DNA (Sun et al., 2013) or

misplaced self-DNA (H€artlova et al., 2015). Generally, the subcel-

lular localization of these receptors is assumed to dictate the

class of microbes they recognize; cell surface receptors such

as TLRs sense extracellular microbes, whereas cytosolic RLRs

and cGAS sense the presence of pathogens such as viruses

that replicate inside the cell.

Over the last decades, growing literature has indicated a role

for the microbiota in IFN-I priming (Abt et al., 2012; Bradley

et al., 2019; Chou et al., 2015; Dolowy andMuldoon, 1964; Ganal

et al., 2012; Ichinohe et al., 2011; Ito et al., 1976; Schaupp et al.,

2020; Steed et al., 2017; Stefan et al., 2020; Thackray et al.,

2018; Winkler et al., 2020). To date, efforts to understand how

the microbiota prime the IFN-I system have primarily focused

on the role of TLRs but have arrived at conflicting conclusions.

For example, although microbiota-driven IFN-I priming was

recently ascribed to TLR4 triggering by bacterial glycolipids
May 10, 2022 ª 2022 The Author(s). Published by Elsevier Inc. 847
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(Stefan et al., 2020), others attributed this to TLR7 activation by

bacterial metabolites and found no role for several other TLRs

including TLR4 (Winkler et al., 2020). In contrast, in a separate

study, ablation of the common adaptors for TLRs was found

not to cause a reduction in basal IFN-Is (Schaupp et al., 2020).

Thus, the innate immune receptors involved in host sensing of

the microbiota and IFN-I priming remain elusive. Moreover,

how these obligate extracellular microbes at host barrier sur-

faces communicate with distal immune cells tomediate systemic

immune modulation is unresolved.

Here, using a series of new genetic mouse models, we pro-

vided a comprehensive assessment of the innate immune path-

ways involved in IFN-I priming. We showed that priming of the

IFN-I system by the gut microbiota involved tonic activation of

the cytosolic cGAS-STING pathway and that this is vital for

innate resistance to infection by DNA and RNA viruses. This mi-

crobiota-driven activation of the cGAS-STING-IFN-I axis did not

require direct host-bacteria interactions but occurred remotely

via membrane vesicle-mediated delivery of bacterial DNA into

distal host cells.

RESULTS

The gut microbiota are vital for innate resistance to viral
infections
Antibiotics are commonly taken by self-medicating patients to

‘‘treat’’ undiagnosed diseases (Auta et al., 2019) and are some-

times prescribed to patients suffering from viral infections, as a

precaution against bacterial infections that often emerge after

viral infections (Morens et al., 2008). However, such antibiotics

can affect the microbiota (Ubeda and Pamer, 2012). Whether

antibiotic treatment might also affect the resolution of viral infec-

tions remains an outstanding issue in themanagement of viral in-

fections. To investigate the impact of antibiotic suppression of

the microbiota on the outcome of a viral infection, we orally

treated mice with an antibiotic cocktail of ampicillin, neomycin,

and vancomycin. 16S rDNA sequencing and quantitative

PCR analysis of fecal pellets showed that antibiotic-treated

mice had a profoundly reduced gut bacterial community

(Figures 1A–1C and S1).

When challenged with herpes simplex virus type 1 (HSV-1) via

the intranasal or intraperitoneal routes to induce localized lung or

systemic infections, respectively, we found that HSV-l replica-

tion was higher in antibiotic-treated mice and that such mice

had severer clinical symptoms (Figures 1D–1H). This implies

that commensal gut bacteria contribute to systemic resistance

to viral infection and protection of distal organs.

Basal IFN-Is are vital for innate resistance to viral infections

(Abt et al., 2012; Bradley et al., 2019; Dolowy and Muldoon,

1964; Steed et al., 2017; Stefan et al., 2020; Winkler et al.,

2020). To evaluate whether the enhanced viral replication

following antibiotic treatment was due to a possible impact of

commensal bacteria on IFN-I priming, we monitored basal

IFN-I levels in Ifnb1 luciferase reporter (Ifnb+/Db-luc) mice (Lienen-

klaus et al., 2009). Oral administration of antibiotics led to a

reduction in systemic basal Ifnb1 levels (Figure 2A) and a

diminished capacity to restrict HSV-1 replication in wild type

(WT) but not in the interferon receptor knockout (Ifnar�/�) mice

(Figure S2). Further, bulk RNA sequencing of mouse tissues
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revealed a decreased expression of interferon-stimulated genes

(ISGs) and proinflammatory cytokines in antibiotic-treated mice

(Figures 2B and S3). These data demonstrated that the micro-

biota are vital for innate immune priming and that this might ac-

count for their ability to confer resistance to viral infections.

The gut microbiota drive systemic IFN-I priming
via STING
The mutualistic partnership between commensal bacteria and

the host demands well-adjusted interactions to ensure that

such microbes are accommodated without provoking patholog-

ical immune responses. Several host and bacterial features

maintain this mutually beneficial state. These include the mucus

layer that provides a physical separation between microbes and

host cells. Moreover, to avert excessive innate immune activa-

tion by gut microbes, the expression of cell surface TLRs on

gastrointestinal epithelial cells is either very low or restricted to

the basolateral side facing away from the microbes of the gut

lumen (Abreu, 2010). Besides, TLR signaling is highly restricted

in intestinal epithelial cells by the collective effect of several

negative regulators (Shibolet and Podolsky, 2007). In addition,

unlike pathogens, commensal bacteria are normally avirulent

and do not disrupt host barriers that may allow them access to

deeper tissues where they could come into direct contact with

immune cells. Importantly, commensal bacteria mainly produce

modifiedmicrobe-associated molecular patterns such as under-

acylated lipopolysaccharide (LPS) that represses rather than ac-

tivates TLR signaling (d’Hennezel et al., 2017; Somerville et al.,

1996). Despite these host and microbial factors, how are

commensal bacteria at distal barrier sites able to trigger a sys-

temic IFN-I response to protect against viral infections? Further-

more, which innate immune receptors are involved?

To dissect which innate immune pathways contribute to mi-

crobiota-driven IFN-I priming, we analyzed the Ifnb1 luciferase

reporter mice deficient in different adaptors for innate immune

pathways (Figures 2C and 2D). TLR4 is a key sensor of extracel-

lular Gram-negative bacteria and is implicated in IFN-I priming by

the microbiota (Stefan et al., 2020). TLR4-mediated IFN-I

induction occurs via the adaptor protein TICAM1/TRIF.

However, we found no significant change in the basal IFN-I

response in Ticam1�/�Ifnb+/Db-luc mice (Figure 2E). Further, the

Myd88�/�Ticam1�/�Ifnb+/Db-luc mice defective in all TLR path-

ways also exhibited no significant change in the basal IFN-I

response (Figure 2F), implying that systemic IFN-I priming was

largely TLR independent. To assess the contribution of intracel-

lular innate immune sensors, we additionally ablated IPS1/MAVS

(adaptor for RLRs) (Kumar et al., 2006) and STING (adaptor for

cGAS signaling) (Ishikawa and Barber, 2008; Sauer et al., 2011)

in the Ifnb1 luciferase reporter mice to generate the following

strains: (1) the Mavs�/�Sting�/�Ifnb+/Db-luc mice proficient in

the TLR but not in the RLR or the STING pathways for intracel-

lular nucleic acid sensing, (2) the Ticam1�/�Mavs�/�

Sting�/�Ifnb+/Db-luc mice proficient in the MYD88-TLR but in

not the RLR or STING pathways, (3) the Myd88�/�

Ticam1�/�Mavs�/�Ifnb+/Db-luc proficient in the STING pathway

but not in all other major IFN-I pathways, and (4) the

Myd88�/�Ticam1�/�Mavs�/�Sting�/�Ifnb+/Db-luc that are defi-

cient in all the above pathways. In comparison to the Ifnb+/Db-luc

mice, the Mavs�/�Sting�/�Ifnb+/Db-luc and Ticam1�/�Mavs�/�



Figure 1. The gut microbiota are vital for antiviral innate immunity

(A) Layout of experiments in (B) to (G).

(B) qPCR quantification of bacterial 16S rDNA in feces of mice orally treated (or not) with antibiotics. Data presented as means ± standard error of the means

(SEM) (n = 4). Red-dotted line indicates detection limit.

(C) Abundance of bacterial phyla in feces of individual mice (1–4) before and after oral antibiotic treatment.

(D) HSV-1 plaque forming units (PFU) per lung and representative images of plaques of WT mice treated (or not) with antibiotics, then infected intranasally with

HSV-1 for 48 h.

(E–G) HSV-1 luciferase activity and representative images of WTmice orally treated (or not) with antibiotics, then infected intranasally with HSV-1-luc and imaged

48 h later (E), corresponding clinical severity scores at 36 h postinfection (F) and subcutaneous body temperature (G).

(H) HSV-1 luciferase activity and representative images of WT mice orally treated (or not) with antibiotics, then infected intraperitoneally (i.p.) with HSV-1-luc and

imaged 72 h later. Rainbow scales in (E) and (H) indicate the number of photons measured (P)/s/cm2/steradian (sr). Data in (D)–(F) and (H) are means ± SEM (n = 6;

from 2 experiments), p values determined byMann-Whitney test. Data in (G) aremeans ± standard deviation (SD) (n = 6; from 2 experiments), p values determined

by two-way ANOVA. See also Figure S1.

ll
OPEN ACCESSArticle
Sting�/�Ifnb+/Db-luc mice had significantly reduced basal Ifnb1

levels (Figures 2G and 2H), demonstrating that the intracellular

nucleic acid sensors are vital for systemic IFN-I priming, whereas

the TLR pathways have a minor role. In comparison to

Myd88�/�Ticam1�/�Ifnb+/Db-luc mice, the Myd88�/�Ticam1�/�

Mavs�/�Ifnb+/Db-luc had a reduced IFN-I signal implying an addi-

tional contribution of the MAVS pathway (Figure 2F). Remark-

ably, in contrast to the unresponsive Myd88�/�Ticam1�/�

Mavs�/�Sting�/�Ifnb+/Db-luc mice, basal IFN-I response was still

detectable in Myd88�/�Ticam1�/�Mavs�/�Ifnb+/Db-luc mice pro-

ficient only in the STING pathway (Figure 2F). This led us to

conclude that microbiota-driven systemic IFN-I priming involved

the cytosolic STING pathway. To confirm and further investigate
the role of the STING pathway, we analyzed mice defective only

in STING. Indeed, compared with the IfnbDb-luc/Db-luc controls,

the Sting�/�IfnbDb-luc/Db-luc mice showed a reduced basal IFN-I

response (Figure 2I). To verify whether this response was trig-

gered by gut commensal bacteria, we used antibiotics. Oral

administration of antibiotics reduced the basal Ifnb1 response

in Myd88�/�Ticam1�/�Ifnb+/Db-luc mice but not in Myd88�/�

Ticam1�/�Mavs�/�Sting�/�Ifnb+/Db-lucmice (Figure S4A). In sup-

port of the role of STING in microbiota-driven IFN-I priming,

similar to antibiotic suppression of the microbiota (Figures 2A

and 2B), ablation of STING resulted in reduced basal expression

of ISGs in vivo (Figures S4B and S4C). The difference in the IFN-I

response between WT and Sting�/� mice was ablated upon
Immunity 55, 847–861, May 10, 2022 849



Figure 2. IFN-I priming by the gut microbiota involves the cytosolic STING pathway

(A) Basal Ifnb1 response in Ifnb+/Db-luc mice and representative images before and after 2 weeks oral antibiotics. Data are means ± SEM (n = 14), p value

determined by two-tailed paired t test.

(B) RNA-seq heatmap showing relative expression levels of selected interferon-stimulated genes (ISGs) in colon of WT (n = 4) or MTIS (n = 3) mice treated (or not)

with antibiotics.

(C) Overview of Ifnb1 luciferase reporter mouse strains.

(D) Immunoblots of STING, TRIF, and MYD88 in indicated mice.

(legend continued on next page)
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antibiotic treatment (Figure S4D). Accordingly, oral fecal trans-

plantation after antibiotic treatment fully restored the Ifnb1

response in WT but not in Sting�/� mice (Figures 2J and 2K,

S4E, and S3F). Oral recolonization with E. coli K12 strain

MC1061, an avirulent extracellular gastrointestinal bacterium,

also restored systemic basal IFN-I levels in antibiotic-treated

mice without further increasing the basal IFN-I response in con-

trol mice not pretreated with antibiotics (Figures S4G–S4I). In

contrast to a recent study using STING N153S mice with exces-

sive activation of STING (Shmuel-Galia et al., 2021), we observed

no decrease in STING protein levels in antibiotic-treated mice

(Figure 2L), implying that the observed decrease in basal IFN-I

response was not due to the loss of STING.

We also wondered whether STING-dependent basal IFN-I

signaling might be linked to a possible impact of the micro-

biota on the expression of endogenous retroviruses (ERVs)

(Lima-Junior et al., 2021). We found that following antibiotic

treatment, the expressions of some ERVs were reduced or un-

affected (for example, Rtl3, Asprv1, Nynrin, Gin1, and Xpr1),

whereas the expressions of others were elevated (Rtl8a,

Rtlb) (Figure S3C). The majority of the ERVs whose expression

was reduced in WT mice treated with antibiotics were

also repressed in the Myd88�/�Ticam1�/�Mavs�/�Sting�/�

Ifnb+/Db-luc mice not treated with antibiotics (Figure S3C).

This implies that although the gut microbiota might support

the basal expression of some ERVs, the expression of such

ERVs was a consequence rather than the cause of micro-

biota-driven innate immune priming. Together, our data

demonstrated that the gut microbiota are vital for systemic

priming of the antiviral innate immunity and that this involved

tonic activation of the STING-IFN-I axis.

Obligate extracellular bacteria trigger the STING-IFN-I
axis without direct host cell contact
To refine the use of the above E. coli K12 strain MC1061 as a

proxy for commensal bacteria, we generated a mutant deficient

in LpxM. E. coli DlpxM produces underacylated LPS not able to

trigger TLR4 signaling (schematic in Figure S5A) (Somerville

et al., 1996; Tsuneyoshi et al., 2006). To study how this obligate

extracellular bacterium activates the innate immune system

in vivo, we inoculated this bacterium into the peritoneal cavity

of mice. E. coli WT elicited septic symptoms, characterized by

hypothermia, lethargy, and sustained weight loss. In contrast,

E. coli DlpxM only evoked weight loss but no septic symptoms

(Figures S5B–S5D). Despite its inability to evoke immunopa-

thology, E. coli DlpxM induced an IFN-I response comparable

with that by E. coliWT (Figure S5E), demonstrating that although
(E) Basal Ifnb1 response in Ifnb-luc and T-Ifnb-luc mice. Data are means ± SEM

(F) Basal Ifnb1 response in Ifnb-luc and TM-Ifnb-luc, MTI-Ifnb-luc, and MTIS-Ifnb

ANOVA with Bonferroni post-test.

(G) Basal Ifnb1 response in Ifnb-luc and TIS-Ifnb-luc mice (n = 4).

(H) Basal Ifnb1 response in Ifnb-luc and IS-Ifnb-lucmice (n = 9). (I) Basal Ifnb1 res

are means ± SEM; p values determined by Mann-Whitney test.

(J) Layout of experiments in (K).

(K) Ifnb1 response in IfnbDb-luc/Db-lucmice before and after antibiotics, then recolon

(n = 6). p values determined by one-way ANOVA with Bonferroni post-test. Rain

obtained from at least 2 independent experiments.

(L) STING protein levels in colon of WT mice treated (or not) with antibiotics for 2
contributing to pathology, LPS-mediated TLR signaling was

dispensable for IFN-I induction. This prompted us to assess

whether the IFN-I induction by this bacterium also involved

STING. Bone marrow-derived macrophages (BMDMs) from

Myd88�/�Ticam1�/�Mavs�/� mice are proficient in STING but

not in all other IFN-I pathways. When we challenged them with

E. coli DlpxM, these cells mounted an IFN-I and proinflammatory

gene activation as well as activation of the kinase TBK1 and the

interferon regulatory transcription factor 3 (IRF3)—upstream ef-

fectors of the IFN-I response (Figures S5F and S5G). To investi-

gate whether activation of the STING-IFN-I axis is a general

feature of extracellular bacteria, we tested other gastrointestinal

bacteria including Vibrio cholerae. Since V. cholerae expresses a

membrane-disrupting cytolysin, which might allow bacterial

components access to cytosolic innate immune receptors, we

used the cytolysin-deficient Dvcc mutant of the non-O139

V. cholerae strain V:5/04 (V. cholerae Dvcc). In line with the

E. coli data, V. cholerae Dvcc induced an IFN-I response as

well as TBK1 and IRF3 activation in Myd88�/�Ticam1�/�

Mavs�/� BMDMs (Figures S5H and S5I).

Bacterial MVs prime the STING-IFN-I axis to promote
antiviral innate immunity
Next, to understand how obligate extracellular bacteria were

able to activate the cytosolic STING-IFN-I axis, we asked

whether this required direct bacteria-host cell contact. When

coincubated with BMDMs in transwell systems (to prevent

direct bacteria-host cell interactions), E. coli DlpxM still

induced a STING-dependent IFN-I response (Figures 3A

and 3B).

However, how are extracellular bacteria able to trigger the

STING-IFN-I axis without direct bacteria-host cell contact? Bac-

terial membrane vesicles (MVs) are small lipid bilayer vesicles

released by bacteria (Mashburn-Warren and Whiteley, 2006;

Wai et al., 2003). Bacterial MVs range in size of approximately

20–250 nm in diameter (Figure 3C) and have many similarities

with exosomes secreted from eukaryotic host cells (Raposo

and Stoorvogel, 2013). MVs carry a payload of bacterial compo-

nents (Kolling and Matthews, 1999; Mashburn-Warren and

Whiteley, 2006) and have been implicated in pathogen-host

cell interactions during in vitro infections with intracellular patho-

gens (Nandakumar et al., 2019; Sisquella et al., 2017). Similar to

exosomes, MVs likely traverse tissue as well as cell membrane

barriers. Therefore, we hypothesized that MVs might play a

role in delivering bacterial components across cell membranes

and tissues, thereby activating the STING pathway at local and

distal sites. To test this hypothesis, we purified MVs from
(n = 4), p value determined by Mann-Whitney test.

-luc mice. Data are means ± SEM (n = 4–7), p values determined by one-way

ponse in IfnbDb-luc/Db-luc and Sting�/�IfnbDb-luc/Db-luc mice (n = 12). Data in (G)–(I)

ized orally with fecal transplant and analyzed 24 h later. Data are means ± SEM

bow scales in (A), (E)–(I), and (K) indicate the number of p/s/cm2/sr. Data are

weeks (n = 4 [1–4] per group). See also Figures S2, S3, and S4.
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Figure 3. Obligate extracellular bacterial MVs prime the STING-IFN-I axis to protect against viral infection

(A and B) Relative Ifnb1 transcript levels in WT and Sting�/� BMDMs incubated for 3 h with (A) E. coli DlpxM (direct bacteria-host cell contact), or (B) cocultured

with E. coli DlpxM for 3 h in transwells to prevent direct bacteria-host cell contact. Data are means ± SEM of 3 independent experiments, p values determined by

one-way ANOVA with Bonferroni post-test.

(C) Negative-stain electron micrographs of E. coli WT and DlpxM MVs. Scale bars, 50 nm.

(D) Gel electrophoresis of DNA from E. coli WT and DlpxM MVs. Results are representative of 3 independent experiments.

(E–H) TLR4 triggering by bacterial MVs drives sepsis but is dispensable for IFN-I induction. Ifnb+/Db-luc mice injected intraperitoneally with 25 mg E. coli WT or

DlpxM MVs or PBS (Mock) and analyzed for clinical severity at 12 h (E), subcutaneous body temperature at 12 h (F), change in body weight (%) at 48 h (G),

(legend continued on next page)
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E. coliWTandDlpxM and examined their ability to activate an im-

mune response in vivo. E. coliWT and DlpxMMVswere morpho-

logically similar and contained comparable amounts of DNA

(Figures 3C and 3D). Similar to live bacteria (Figures S5B–

S5D), upon inoculation into the peritoneal cavity, MVs from

E. coli WT but not from E. coli DlpxM induced septic symptoms

inWTbut not in the TLR-unresponsiveMyd88�/�Ticam1�/�mice

(Figures 3E–3G and S5J–S5P). However, both E. coli WT and

DlpxM MVs provoked a comparable Ifnb1 response (Figures

3H and S5M). Thus, much like live bacteria, MVs activated an

IFN-I response that was uncoupled from LPS-TLR signaling

and associated immunopathology. Therefore, we tested

whether bacterial MVs could activate the STING-IFN-I axis. In

agreement, E. coli DlpxM MVs as well as MVs from V. cholerae

Dvcc induced the expression of IFN-I genes Ifnb1 and Mx2 in

Myd88�/�Ticam1�/�Mavs�/� BMDMs but hardly in Myd88�/�

Ticam1�/�Mavs�/�Sting�/� BMDMs (Figures S6A and S6B). To

assess the generality of this phenomenon, we also tested MVs

from Bacteroides fragilis and Enterococcus faecalis, common

Gram-negative and Gram-positive gut commensal bacteria,

respectively. MVs from these bacteria also induced an IFN-I

response in BMDMs (Figures S6C and S6D). Next, we investi-

gated whether MV-mediated STING-IFN-I priming could impact

antiviral innate immunity. Pre-exposure to MVs rendered WT,

Myd88�/�Ticam1�/�, Myd88�/�Ticam1�/�Mavs�/�, but not

Myd88�/�Ticam1�/�Mavs�/�Sting�/� BMDMs more responsive

to HSV-1-induced activation of TBK1, IRF3, and STAT1, key ef-

fectors of the IFN-I response. Moreover, MV pre-exposure re-

sulted in increased STING phosphorylation in HSV-1-infected

BMDMs (Figure 3I). Accordingly, MV-pretreatment rendered

WT, Myd88�/�Ticam1�/� and Myd88�/�Ticam1�/�Mavs�/�

BMDMs highly resistant to HSV-1 (Figures 3J and 3K). Further,

preincubation of BMDMs or THP-1 human monocytes with

MVs from E. faecalis or E. coli DlpxM, respectively, led to an

increased resistance to HSV-1 (Figures S6E and S6F).

To assess whether bacterial MV-mediated IFN-I priming

could confer protection against viral infection in vivo, we admin-

istered E. coli WT or DlpxM or their MVs to mice. Two weeks

later, after the resolution of the induced IFN-I response

(Figures S5E and S5M), mice were infected with HSV-1 (sche-

matic, Figure 4A). WT mice primed with live E. coli (Figure 4B)

or E. coli MVs (Figure 4C) were highly resistant to HSV-1. To

investigate whether MV-mediated antiviral immunity involved

STING, we performed a similar experiment in Myd88�/�

Ticam1�/�Mavs�/� mice. MV priming rendered Myd88�/�

Ticam1�/�Mavs�/� mice more resistant to HSV-1 (Figure 4D).

Together, these data demonstrated that by priming the IFN-I

system via STING, extracellular bacteria promoted innate resis-

tance to HSV-1.
and Ifnb1 luciferase activity at 3 h (H) postinjection. The rainbow scale in (H) indica

by one-way ANOVA with Bonferroni post-test (from two experiments).

(I) Activation of TBK1, IRF3 STAT1, and STING in WT,Myd88�/�Ticam1�/�,Myd8

exposed (or not) to E. coli DlpxM MVs (12.5 mg mL�1) for 12 h then infected with

representative of 2 independent experiments.

(J and K) HSV-1-luciferase activity with representative images of HSV-1-luciferas

Mavs�/� BMDMs pre-exposed to E. coliWT or DlpxMMVs for 12 h, then infected

controls. The rainbow scales in (J) and (K) indicate p/s/cm2/sr. Data are means ±

p values determined by one-way ANOVA with Bonferroni post-test. See also Fig
Bacterial MVs deliver DNA into host cells to prime the
cGAS-STING-IFN-I axis
To interrogate the mechanisms involved in MV-mediated activa-

tion of the STING-IFN-I axis, we asked whether MVs contained

DNA. Agarose gel analysis revealed the presence of DNA in

MVs from E. coli DlpxM or V. cholerae Dvcc (Figures 3D, 5A,

and 5B). Such DNAwas inaccessible to the nuclease benzonase

except upon lysis of MVs, demonstrating that MV-associated

DNA was mainly enclosed within the vesicles (Figure 5B). Even

after treatment with benzonase to strip off extravesicular DNA,

MVs were still able to induce Ifnb1 in Myd88�/�Ticam1�/�

Mavs�/� BMDMs (Figures 5C and 5D). Thus, by encasing DNA

in their interior, MVs protected such DNA from extracellular nu-

cleases, thereby facilitating its delivery into host cells leading

to cGAS-STING activation.

In addition to DNA, bacteria can produce cyclic dinucleotides

(CDNs) that may directly activate the STING-IFN-I axis, inde-

pendently of cGAS (Luteijn et al., 2019; McWhirter et al.,

2009; Sauer et al., 2011). Hence, we asked whether MV-medi-

ated STING-IFN-I priming was indeed due to sensing of bacte-

rial DNA by cGAS. HEK293 cells that express STING but not

cGAS allow the evaluation of direct STING activation, indepen-

dently of cGAS. Therefore, we used HEK293 cells constitutively

expressing the Renilla luciferase gene and an inducible firefly

luciferase reporter under the promotor of the IFN-I response

gene Mx2. When incubated with E. coli DlpxM or V. cholerae

DvccMVs, HEK293 cells did not elicit any Mx2 firefly luciferase

response except upon exogenous expression of cGAS

(Figures 5E and 5F), demonstrating that MV-mediated IFN-I

priming involved sensing of bacterial DNA by cGAS. To further

distinguish the possible contributions of DNA versus CDNs, we

used BMDMs or B16 melanoma cells deficient in cGAS or

STING, or both. Similar to Sting�/� BMDMs (Figures 3A and

3B), Cgas�/� BMDMs elicited a lower response when direct

bacteria-host cell contact was prevented in the transwell cocul-

ture systems (Figure 5G) or when incubated with bacterial MVs

(Figure 5H). In addition, when coincubated in a transwell sys-

tem, E. coli DlpxM induced an IFN-I response that was attenu-

ated in Cgas�/�, Sting�/�, or Cgas�/�Sting�/� B16 melanoma

cells (Figure S6G). Accordingly, MVs from E. faecalis induced

an IFN-I response that was reduced in BMDMs deficient in

cGAS, STING, or both. This was in contrast to corresponding

bacterial culture supernatants, which hardly induced any

response (Figures S6H and S6I). The fact that Cgas�/�,
Sting�/�, and Cgas�/�Sting�/� cells had a reduced and nearly

comparable response supported the notion of bacterial DNA

as themain driver of the observed STING-IFN-I priming. Collec-

tively, these data showed that extracellular bacteria activated

the cGAS-STING pathway and that this involved MV-mediated
tes p/s/cm2/sr. Data in (E)–(H) are means ± SEM (n = 5–8). p values determined

8�/�Ticam1�/�Mavs�/�, orMyd88�/�Ticam1�/�Mavs�/�Sting�/� BMDMs pre-

HSV-1 at multiplicity of infections (MOI) 1 for indicated durations. Results are

e levels in (J) WT andMyd88�/� Ticam1�/� or (K) WT andMyd88�/�Ticam1�/�

with HSV-1-luc (MOI 0.1) for 12 h, and presented as relative to MV-non-treated

SEM from 2 or 3 independent experiments in technical triplicates, respectively;

ures S5 and S6.
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Figure 4. Bacterial MVs prime the STING-IFN-I axis to promote antiviral immunity

(A) Layout of experiments in (B) to (D).

(B–D) HSV-1 luciferase level in (B) and (C) WT mice or (D) Myd88�/�Ticam1�/�Mavs�/� mice inoculated (or not) with either (B) live (2 3 108) E. coli WT or

DlpxM or (C and D) 25 mg MVs and allowed to recover for 2 weeks prior to intraperitoneal HSV-1-luc infection. The rainbow scales indicate p/s/cm2/sr.

Data in (B), (C) (n = 3–5), and D (n = 8) are means ± SEM (from two experiments). p values determined by one-way ANOVA with Bonferroni post-test. See

also Figure S5.
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delivery of bacterial DNA into host cells (schematic illustration

in Figure 5I).

DNA-containing MVs from the gut microbiota are
present in the blood circulation
Next, we asked whether MVs from gut commensal bacteria were

present in vivo. By isolating vesicles from mouse feces and

analyzing them by 16S rDNA sequencing, we found that mouse

feces contained MVs loaded with bacterial DNA and that such

MVswere from several bacterial phyla including Firmicutes, Bac-

teroidota, Proteobacteria, and Actinobacteriota. To assess

whether MV-associated DNA was within or outside the vesicles

and to be sure that such DNA was not due to contamination

from lysed gut commensal bacteria, we incubated the MV prep-

arations with the nuclease benzonase. Consistent with our find-
854 Immunity 55, 847–861, May 10, 2022
ings on MVs from E. coli and V. cholerae (Figure 5B), DNA in mi-

crobiota-derived MVs was also inaccessible to benzonase

(Figure 6A).

Our model posits a role for microbiota-derived MVs in sys-

temic innate immune priming. Therefore, to assess whether

such MVs were present in the blood circulatory system, we

isolated vesicles from mouse serum and performed 16S

rDNA sequencing. We uncovered that those vesicles from

the blood also contain bacterial DNA (Figure 6B) and that it

was primarily from the same bacterial phyla present in the

gut (Figures 1C, 6A, and S1). These data demonstrated that

gut bacterial communities released DNA-containing MVs and

that such MVs were present not only within the gut but

also in systemic circulation. Further, they revealed that DNA

carried by such vesicles was protected from nucleases—a



Figure 5. Bacterial MVs encase and deliver DNA into the host cytosol to activate cGAS-STING-IFN-I signaling

(A) Atomic force microscopic images of membrane vesicles from V. cholerae Dvcc and E. coli WT (image section: 0.25 3 0.5 mm).

(B) V. cholerae Dvcc MVs or E. coli DlpxM MVs, left untreated (i) or treated with benzonase to strip them off extravesicular nucleic acids (ii) or lysed before

benzonase treatment (iii), were subjected to nucleic acid extraction, and extracts were analyzed by agarose gel separation. One representative out of three

experiments shown.

(C and D) Relative mRNA levels of Ifnb1 in Myd88�/�Ticam1�/�Mavs�/� BMDMs stimulated (or not) with benzonase-treated V. cholerae Dvcc MVs (C) or E. coli

DlpxM MVs (D) for 6 h. Data are means ± SEM of 3 independent experiments.

(E and F) 50 mgmL�1V. choleraeDvccMV-inducedMx2 luciferase activity in HEK293 cells transfectedwith cGAS (pBabe-cGAS) or control vector (pBabe-empty).

(F) 25 mg mL�1 E. coli DlpxM MV-induced Mx2 luciferase activity in HEK293 cells transfected with cGAS or control vector. Data in (E) and (F) are means ± SEM

of 3 independent experiments. p values determined by one-way ANOVA with Bonferroni post-test.

(G and H) Ifnb1 transcript levels in WT and Cgas�/� BMDMs (G) cocultured with E. coli DlpxM for 3 h in transwells to prevent direct bacteria-host cell contact or

(H) incubated for 6 h with 25 mg mL�1 E. coli DlpxM MVs. Data are means ± SEM of 3 independent experiments.

(I) Proposed model for extracellular bacteria-mediated activation of the cGAS-STING-IFN-I axis. See also Figure S6.
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Figure 6. Gut bacteria shed DNA-containing MVs into blood and drive systemic IFN-I priming via cGAS

(A and B) MVs isolated from mouse feces or serum contain DNA predominantly from Firmicutes, Bacteroidota, Proteobacteria, and Actinobacteriota phyla. (A)

MVs isolated from mouse feces were treated (or not) with benzonase to strip off extracellular DNA, then analyzed by amplicon sequencing of the 16S ribosomal

RNA gene. (B) MVs were isolated from mouse feces or serum, and isolated DNA was preamplified using universal primers for 16S regions, then analyzed using

16S rDNA amplicon sequencing.

(C) Basal Ifnb1 response in Ifnb+/Db-luc and Cgas�/�Ifnb+/Db-luc mice before, after 2 weeks of antibiotic treatment, and 2 weeks after removal of antibiotics and

cohousing with untreatedmice to recolonize the gut (recovery). Data aremeans ± SEM (n = 4). p values determined by one-way ANOVAwith Bonferroni post-test.

(D) Schematics depicting how the gut microbiota shedMVs and how these gain access into the blood circulation to induce systemic cGAS-STING-IFN-I priming.

See also Figure S1.
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feature that may promote DNA delivery into host cells at

remote sites.

Gut microbiota-driven IFN-I priming requires cGAS
To assess whether microbiota-driven IFN-I priming involved

sensing of bacterial DNA by cGAS, we analyzed systemic IFN-I

levels in mice deficient in cGAS. Similar to Sting�/� mice

(Figures 2I and S4B–S4F),Cgas�/�Ifnb+/Db-lucmice had a reduced

basal IFN-I response (Figure 6C). Antibiotic suppression of themi-

crobiota reduced the basal IFN-I levels in Ifnb+/Db-luc controls and

eliminated the difference between the Ifnb+/Db-luc and theCgas�/�

Ifnb+/Db-lucmice (Figure 6C). Takingmice off antibiotics and allow-

ing spontaneous recolonization through cohousing resulted in fully

restored basal IFN-Is in Ifnb+/Db-luc mice but did not increase the

IFN-I levels inCgas�/�Ifnb+/Db-lucmice (Figure 6C), demonstrating

that cGAS was essential for systemic IFN-I priming by the gut mi-

crobiota. Together, these data showed that the gut microbiota
856 Immunity 55, 847–861, May 10, 2022
released DNA-containing MVs into the blood circulation and that

this might account for the microbiota-driven systemic cGAS-

STING dependent IFN-I priming (schematic in Figure 6D).

Microbiota-driven IFN-I priming via cGAS-STING pro-
tects against RNA virus
Our findings support a model for the role of microbiota-driven

cGAS-STING-IFN-I priming in innate resistance to viral infec-

tions. However, the STING pathway is also vital for direct sensing

of viral DNA, whichmay account for the observed STING-depen-

dent resistance to HSV-1 (Figure 4). To interrogate our model

further, we asked whether microbiota-driven IFN-I priming via

cGAS-STING could also confer protection against RNA viruses.

To address this question, we used the Sting�/� and Cgas�/�

mice. Consistent with the above data (Figures 2I and 6C), in com-

parison with the WT controls, Sting�/� mice had a decreased

basal IFN-I response (Figure 7A). When challenged with the



Figure 7. Microbiota-driven IFN-I priming via cGAS-STING promotes resistance to the RNA virus VSV

(A) Ifnb1 response in Ifnb+/Db-luc and Sting�/�Ifnb+/Db-luc mice before and after 2 weeks of antibiotics treatment.

(B) VSV-induced Ifnb1 response in Ifnb+/Db-luc and Sting�/�Ifnb+/Db-lucmice that were pretreated (or not) for 2 weekswith antibiotics then intranasally infected with

5 3 106 VSV for 24 h.

(C) PFUs per lung of mice from (B). Data in (A)–(C) are means ± SEM (n = 6; from two experiments). p values determined by one-way ANOVA with Bonferroni

post-test.

(D) Ifnb1 response in Ifnb+/Db-luc andCgas�/�Ifnb+/Db-lucmice before and after 2 weeks of antibiotic treatment. Data aremeans ± SEM (n = 4; from one experiment).

p values determined by one-way ANOVA with Bonferroni post-test.

(E) PFUs per lung of WT and Cgas�/� mice intranasally infected with 5 3 106 VSV for 24 h.

(F andG) PFUs per lung ofWT orCgas�/�mice, respectively, pretreated (or not) with antibiotics, then intranasally infectedwith 53 106 VSV for 24 h. Data in (E)–(G)

aremeans ± SEM (n = 8; from two experiments); p values determined byMann-Whitney test. Rainbow scales in (A), (B), and (D) indicate the number of p/s/cm2/sr.

See also Figure S7.
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RNA virus, vesicular stomatitis virus (VSV), Sting�/� mice

mounted a weaker IFN-I response (Figure 7B) and exhibited a

diminished ability to clear the virus (Figure 7C). Antibiotic treat-

ment suppressed basal IFN-Is and eliminated the difference in

basal IFN-I response betweenWT and Sting�/�mice (Figure 7A).

Moreover, antibiotic treatment also suppressed and eliminated

the observed differences in the VSV-induced IFN-I response

and viral clearance between WT and Sting�/� mice (Figures 7B

and 7C). Thus, we concluded that microbiota-driven IFN-I prim-

ing via STING also conferred innate resistance to RNA viruses. In

further support of this idea, we found that Cgas�/� mice dis-

played lower basal IFN-I levels (Figures 6C and 7D) and a dimin-

ished capacity to clear VSV (Figure 7E). These cGAS-dependent

effects on the IFN-I system and VSV clearance were however not

observed following antibiotic suppression of the microbiota

(Figures 7D–7G). Thus, although a sensor of DNA, cGAS-STING

also mediated protection against RNA viruses, and this was due

to its role in IFN-I priming by the microbiota. As an independent

confirmation of these findings, we found that priming with live
bacteria enhanced VSV clearance in mice and BMDMs in a

STING-dependent manner (Figure S7).

DISCUSSION

Although well acknowledged to provide a competitive hindrance

to bacterial and fungal pathogens at barrier sites, how themicro-

biota impact viral infections is still contentious. The gut micro-

biota are reported to promote enteric viral infections (Jones

et al., 2014; Kane et al., 2011; Kuss et al., 2011; Robinson

et al., 2014) via a variety of mechanisms including LPS-induced

immune tolerance at mucosal surfaces (Kuss et al., 2011) or sta-

bilization of virions (Robinson et al., 2014).

On the other hand, by priming/‘‘training’’ (Netea et al., 2011)

the IFN-I system, the microbiota can promote antiviral immunity

(Abt et al., 2012; Bradley et al., 2019; Chou et al., 2015; Dolowy

and Muldoon, 1964; Ganal et al., 2012; Ichinohe et al., 2011; Ito

et al., 1976; Schaupp et al., 2020; Steed et al., 2017; Stefan et al.,

2020; Thackray et al., 2018; Winkler et al., 2020). However, how
Immunity 55, 847–861, May 10, 2022 857
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are these obligate extracellular microbes at host barrier surfaces

able to prime distal immune cells? Here, we have provided a

comprehensive assessment of the innate immune pathways

involved in IFN-I priming by the microbiota and its impact on viral

infections.

The current conceptual framework for innate immune recogni-

tion of microbes is based on the assumption that sensing of

extracellular microbes such as the microbiota is primarily medi-

ated by extracellular receptors such as TLRs. However, by

analyzing several knockout mice, our results showed that in vivo

TLRs had minor or redundant contributions to IFN-I priming. In

contrast, ablation of cGAS or STING resulted in a consistent sys-

temic decrease in basal IFN-Is, demonstrating that the cGAS-

STING pathway had a nonredundant role in IFN-I priming by

the microbiota, a conclusion that we independently confirmed

using a series of multiple knockout mice. Mechanistically, we

showed that membrane vesicles released by several gut

commensal bacteria were present in blood circulation and that

MVs from different commensal bacterial species could deliver

DNA into host cells leading to the activation of the cGAS-

STING-IFN-I axis (see schematics in Figures 5I and 6D).

For the observed interkingdom transfer of DNA from the gut

microbiota to distal host cells to occur, conceivably, microbial

DNA must overcome several obstacles. These include the

mucus barrier physically separating the gut microbiota from

the epithelium and the cell membrane barriers. Moreover, bac-

teria as well as host cells secrete nucleases that degrade DNA,

thereby imposing a significant impediment to intra- or inter-

species transfer of genetic material (Avery et al., 1944; Howell

et al., 2003). Our data demonstrated that by encapsulating

DNA, MVs effectively protected encased DNA from nucleases,

thus enabling bacteria to overcome this obstacle. Moreover,

their relatively small size and lipid coat may allow them to

readily traverse biological barriers and deliver their cargo into

host cells at local and remote sites. These features confer

MVs with the requisite properties for mediating remote commu-

nication between the gut microbiota and host cells. Together,

our data support the role of MVs as intercellular communication

gadgets, enabling the gut microbiota to transfer their cargo

across the mucus, tissue, and cell membrane barriers, thereby

mediating systemic cGAS-STING-IFN-I priming and protection

against viruses.

In conclusion, our study showed that the cytosolic innate im-

mune DNA sensor cGAS is vital for sensing the gut microbiota

and that this is important for natural resistance to viral infections.

This microbiota-driven priming of the antiviral innate immunity

did not require direct host-bacteria contact but involved MV-

mediated delivery of bacterial DNA into distal host cells. These

findings highlight the importance of themicrobiota inmaintaining

the immune system in a state of constant preparedness against

viruses and underscore an underappreciated risk of unwarranted

use of antibiotics during viral infection.

Limitations of the study
In this study, we used antibiotics to assess the impact of the gut

microbiota on systemic immune priming. One shortcoming is

that antibiotics could have off-target effects that could influence

the basal IFN-I signaling. For example, in addition to the micro-

bial suppression, antibiotics could potentially reduce mitochon-
858 Immunity 55, 847–861, May 10, 2022
drial levels, which in turn could affect homeostatic priming of the

cGAS-STING-IFN-I axis by mitochondrial DNA (West et al.,

2015). An alternative approach to antibiotics would be to

colonize germ-free animals with gut bacteria lacking DNA-con-

taining vesicles. However, MVs are fundamental for bacterial

physiology. Thus, generating MV-deficient bacteria is biologi-

cally impossible. Moreover, germ-free mice have an under-

developed immune system, which could confound interpretation

of the immune response in such mice. Regardless, the combina-

tion of experiments in this study favor the role of bacterial

membrane vesicle over mitochondria in the observed antiviral

priming. Taken together, our in vitro and in vivo experiments

showing that gut bacteria did prime the cGAS-STING-IFN-I

axis in distal cells and that DNA-containing MVs from the gut

microbiota were present in systemic circulation strongly sup-

ports our model.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-human/mouse/rat IRF3; D83B9 Cell Signaling Technology #4302; RRID: AB_1904036

Rabbit anti-human/mouse phospho-IRF3 (Ser396); 4D4G Cell Signaling Technology #4947;

RRID: AB_823547

Rabbit anti-human/mouse/rat phospho-STAT1

(Tyr701); D4A7

Cell Signaling Technology #7649;

RRID: AB_10950970

Rabbit anti-mouse phospho-STING (Ser365); D8F4W Cell Signaling Technology #72971;

RRID: AB_279983

Rabbit anti-human/mouse STING; D2P2F Cell Signaling Technology #13647;

RRID: AB_2732796

Rabbit anti-human/mouse/rat/monkey MYD88; D80F5 Cell Signaling Technology #4283;

RRID: AB_10547882

Horse anti-mouse HRP-linked IgG Cell Signaling Technology #7076;

RRID: AB_330924

Goat anti-rabbit HRP-linked IgG Cell Signaling Technology #7074;

RRID: AB_2099233

Rabbit anti-mouse/rat/human NAK (TBK1); EP611Y Abcam #ab40676;

RRID: AB_776632

Rabbit anti-mouse/rat/human NAK/TBK1

(phospho S172); EPR2867(2)

Abcam #ab109272;

RRID: AB_10862438

Mouse anti-mouse/rat/human STAT1a p91; C-111 Santa Cruz Biotechnologies #sc-417;

RRID: AB_675902

Rabbit anti-TRIF/TICAM1 Proteintech #23288-1-AP;

RRID: AB_2879247

Bacterial and virus strains

Escherichia coli MC1061 (araD139 D(ara, leu)

7697 DlacX74 galU galK hsr hsm+ strA)

Casadaban et al., 1980

Provided by Sun Nyunt Wai,

Umeå University

N/A

Escherichia coli MC1061 DlpxM (derivative of MC1061) This paper N/A

Vibrio cholerae V:5/04 This paper N/A

Vibrio cholerae V:5/04 Dvcc This paper N/A

Enterococcus faecalis strain OG1RF Dunny et al., 1978

ATCC

ATCC: 47077

Bacteroides fragilis strain NCTC9343 DSMZ-German Collection of

Microorganisms and Cell

Cultures GmbH

DSM No. 2151

Herpes simplex virus type I strain KOS

KOS/Dlux/OriL (HSV-I-luc) containing a

firefly luciferase reporter

(Summers and Leib, 2002) N/A

Vesicular stomatitis virus VSV-AV2 (attenuated strain) (Stojdl et al., 2003)

Provided by Kröger A, HZI, Germany

N/A

Vesicular stomatitis virus VSV-GFP (virulent) (Nair et al., 2014)

Provided by Kröger A, HZI, Germany

N/A

Chemicals, peptides, and recombinant proteins

Blasticidin InvivoGen #ant-bl-1

Puromycin InvivoGen #ant-pr-1

Gentamicin solution Sigma-Aldrich (Merck) #G1397

Iscove’s Modified Dulbecco’s Medium (IMDM Gibco (Thermo Fisher Scientific) #31980-22

Roswell Park Memorial Institute (RPMI) 1640 medium Gibco (Thermo Fisher Scientific) #72400013

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Opti-MEM (#11058-021), Gibco (Thermo Fisher Scientific) #11058-021

Dulbecco’s Modified Eagle Medium (DMEM) Gibco (Thermo Fisher Scientific) #31966-021

Fetal bovine serum (FBS) (heat-inactivated) HI-FBS Gibco (Thermo Fisher Scientific) #10082-147

Dulbecco’s Phosphate Buffered Saline (DPBS) Gibco (Thermo Fisher Scientific) #14190-144

penicillin-streptomycin (10,000 U mL-1) Gibco (Thermo Fisher Scientific) #15140122

Neomycin trisulfate salt hydrate Sigma-Aldrich #N1876

Vancomycin hydrochloride Alfa Aesar #J62790

Ampicillin sodium salt MP Biomedicals #190148

Carbenicillin disodium salt Sigma-Aldrich (Merck) #C1389

Chloramphenicol Sigma-Aldrich (Merck) #C0378

Anaerobe Basal Broth (Dehydrated) Thermo Scientifi #CM0957B

D-Luciferin firefly potassium Biosynth #L-8220

Benzonase nuclease (HC purity >99%) Novagen (Merck) #71206

DNase I (Amplification Grade) Invitrogen (Thermo Fisher Scientific) #18068015

Lipofectamine LTX Reagent with PLUS Reagent Invitrogen (Thermo Fisher Scientific) #15338100

RevertAid H Minus First Strand cDNA Synthesis Kit Thermo Scientific #K1632

TRIzol Reagent Thermo Fisher Scientific #AM7021

RNAlater Stabilization Solution Thermo Fisher Scientific #15596018

TaqMan Gene Expression Master Mix Applied Biosystems,

Thermo Fisher Scientific

#4369016

Phusion Hot Start II Taq polymerase Thermo Scientific #F549S

Amersham ECL Western Blotting Reagents GE Healthcare #RPN2106

Amersham ECL Prime Western Blotting Detection Reagents GE Healthcare #RPN2236

Amersham ECL Select Western Blotting Detection Reagent GE Healthcare #RPN2235

13 Roti Block Roth #A151.2

NEB Next Ultra RNA Library Prep Kit for Illumina New England BioLabs #E7370L

GelRed nucleic acid gel stain Biotium #41003

Crystal Violet (for plaque assay) Sigma-Aldrich #C0775

DEAE-Dextran (for plaque assay) Sigma-Aldrich #00898

Reporter Lysis Buffer Promega #E3971

Luciferase Assay Reagent Promega #E1500

Passive Lysis Buffer Promega #E1941

Pierce BCA protein assay Thermo Scientific #23225

Invitrogen PARIS Kit Thermo Fisher Scientific #AM1921

RNeasy Mini Kit QIAGEN #74106

RNase-Free DNase Set QIAGEN #79256

For isolation of membrane vesicles: Amicon Ultra-2

Centrifugal Filter Units

Millipore #UFL20024

Nunc 12-well carrier plates with cell culture

inserts (0.4 micron)

Thermo Scientific #141078

Amersham Protran Premium 0.45 NC nitrocellulose

Western blotting membranes

GE Healthcare #10600002

CEA RP NEW (medical X-ray screen film blue sensitive) Agfa #EC88J

Amicon Ultra-15 Centrifugal Filters (30kDa MWCO) Millipore #UFC9030

Critical commercial assays

The Dual-Luciferase Reporter Assay System Promega #E1910

NEB Next Ultra RNA Library Prep Kit for Illumina New England BioLabs #E7370L

qEV10 / 70 nm columns for isolation of membrane vesicles IZON #1004105

AMPure XP beads for MV DNA isolation and purification Beckman Coulter #A63881

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

RNA-seq and 16S rDNA-seq data NCBI Sequence Read Archive Bioproject812359

Experimental models: Cell lines

THP1 (mycoplasma tested) ATCC ATCC: TIB-202

L929 (NCTC clone 929) (mycoplasma tested) ATCC ATCC: CCL-1

HEK293T (mycoplasma tested) ATCC ATCC: CRL-3216

B16-luc (B16F10-Fluc-Puro) (mycoplasma tested) Imanis Life Sciences # CL052-STAN

B16-luc NTC (derived from B16-luc; mycoplasma tested) This manuscript N/A

B16 luc Sting-/- (derived from B16-luc; mycoplasma tested) This manuscript N/A

B16-luc Cgas-/- (derived from B16-luc; mycoplasma tested) This manuscript N/A

Vero E6 (VERO C1008; Vero 76; clone E6) ATCC ATCC: CRL-1586

Experimental models: Organisms/strains

Sting-/- mice (C57BL/6J-Tmem173gt/J) (Sauer et al., 2011) (Sauer et al., 2011);

The Jackson Laboratory

JAX: 017537

RRID: IMSR_JAX:017537

Ticam1-/- mice (C57BL/6J-Ticam1Lps2/J) (Hoebe et al., 2003);

The Jackson Laboratory

JAX: 005037

RRID: IMSR_JAX:005037

Cgas-/- mice (B6(C)-Cgastm1d(EUCOMM)Hmgu/J (Schoggins et al., 2014);

The Jackson Laboratory

JAX: 026554

RRID: IMSR_JAX:026554

Ifnb+/Db-luc mice (Dietrich et al., 2010;

Lienenklaus et al., 2009)

From S. Weiss, HZI, Germany

N/A

Myd88-/- mice (Adachi et al., 1998) from S. Akira;

Osaka University, Japan

N/A

Mavs-/- mice (Kumar et al., 2006) from S. Akira;

Osaka University, Japan

N/A

Sting-/-Ifnb Db-luc/Db-luc mice This manuscript N/A

IfnbDb-luc /Db-luc mice This manuscript N/A

Sting-/-Ifnb+/Db-luc mice This manuscript N/A

Cgas -/-Ifnb +/Db-luc mice This manuscript N/A

Mavs-/-Sting-/-Ifnb+/Db-luc mice This manuscript N/A

Myd88-/-Ticam1-/- mice This manuscript N/A

Myd88-/-Ticam1-/-Ifnb+/Db-luc mice This manuscript N/A

Myd88-/-Ticam1-/-Mavs-/- mice This manuscript N/A

Myd88-/-Ticam1-/-Mavs-/-Ifnb+/Db-luc mice (H€artlova et al., 2015) This study

Myd88-/-Ticam1-/-Mavs-/-Sting-/- mice This manuscript This study

Myd88-/-Ticam1-/-Mavs-/-Sting-/-Ifnb+/Db-luc mice This manuscript This study

Oligonucleotides

Primer: lpxMmutup; 5’-ccagattgatttttgccttatccgaaactgg

aaaagcatggtgtaggctggagctgctt-3’

for the generation of the MC1061 DlpxM strain

This manuscript N/A

Primer: lpxMmutdo; 5’-catcaggcgaaggcctctcctcgcgaga

ggcttttttacatatgaatatcctccttag-3’

for the generation of the MC1061 DlpxM strain

This manuscript N/A

Primer: lpxMup1; 5’-gatcgtcgcgaattcctggcgcag-3’ for the

generation of the MC1061 DlpxM strain

This manuscript N/A

Primer: lpxMdo2; 5’-cccagggcgacgtgatgagt accg-3’ for the

generation of the MC1061 DlpxM strain

This manuscript N/A

STING gRNA1: cggcagttatttcgagactc This manuscript N/A

STING gRNA2: tacttgcggttgatcttacc This manuscript N/A

cGAS gRNA1: aaacggctctcgtcttagat This manuscript N/A

cGAS gRNA2: atattcttgtagctcaatcc This manuscript N/A

(Continued on next page)
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Oligo(dT)18 Thermo Scientific SO132

Random hexamer primer Thermo Scientific SO142

TaqMan Gene Expression Assay (FAM): Ifnb1 Applied Biosystems;

Thermo Fisher Scientific

# 4351370

Mm00439552

TaqMan Gene Expression Assay (FAM): Mx1 Applied Biosystems;

Thermo Fisher Scientific

# 4351370

Mm00487796

TaqMan Gene Expression Assay (FAM): Mx2 Applied Biosystems;

Thermo Fisher Scientific

# 4351370

Mm00488994

TaqMan Gene Expression Assay (FAM): Tnf Applied Biosystems;

Thermo Fisher Scientific

# 4351370

Mm00443258

TaqMan Gene Expression Assay (FAM): Cxcl10 Applied Biosystems;

Thermo Fisher Scientific

# 4351370

Mm00445235

TaqMan Gene Expression Assay (FAM): Rn18S; Rn4+ Applied Biosystems;

Thermo Fisher Scientific

# 4351370

Mm03928990

TaqMan probe: HSV-1 5’ FAM/3’ BHQ-1:

5’-cgtctggaccaaccgccacacaggt-3’

Thermo Fisher Scientific N/A

Primer: HSV-1-for: 5’-ttctcgttcctcactgcctccc-3’ Thermo Fisher Scientific N/A

Primer: HSV-1-rev: 5’-gcaggcacacgtaacgcacgct-3’ Thermo Fisher Scientific N/A

TaqMan probe: VSV 5’ FAM/3’ BHQ-1:

5’-tgcaccgccac aaggcagaga-3’

Thermo Fisher Scientific N/A

Primer: VSV-for: 5’-gatagtaccggaggattgacgacta-3’ Thermo Fisher Scientific N/A

Primer: VSV-rev: 5’-tcaaaccatccgagccattc-3’ Thermo Fisher Scientific N/A

Universal bacterial primer: 341F

5’-cctacgggnggcgcag-3’

Thermo Fisher Scientific N/A

Universal bacterial primer: 785R

5’-gactachvgggtatctaatcc-3’

Thermo Fisher Scientific N/A

Universal bacterial primer: 27F

5’-agagtttgatcctggctcag-3’

Thermo Fisher Scientific N/A

Universal bacterial primer: 1492R

5’-ggttaccttgttacgactt-3’

Thermo Fisher Scientific N/A

Universal bacterial primer: 5’-tcgtcggcagcgtc

agatgtgtataagagacagcctacgggnggcwgcag-3’

Thermo Fisher Scientific N/A

Universal bacterial primer: 5’-gtctcgtgggctc

ggagatgtgtataa gagacaggactachvgggtatctaatcc-3’

Thermo Fisher Scientific N/A

Recombinant DNA

psPAX2 Addgene Addgene: #12260

pMD2.G Addgene Addgene: #12259

lentiCRISPR v2-Blast Addgene Addgene: #83480

pGL3Mx2 p3Kb neo (Pulverer et al., 2010) N/A

pBabe-puro-IRES-eGFP Addgene Addgene #14430

pBabe-cGas This manuscript N/A

pMuLE ENTR CMV Renilla Luciferase L5-L2 (Albers et al., 2015) Addgene: #62186

pKD46 (for generation of MC1061 DlpxM) (Datsenko and Wanner, 2000) GenBank: AY048746.1

pKD3 (for generation of MC1061 DlpxM) (Datsenko and Wanner, 2000) Addgene: #45604

pCR2.1 TOPO; as part of TOPO� TA Cloning� Kit Invitrogen (Thermo Fisher Scientific) Cat#K451022

pCR2.1 TOPO containing the V3 and V4 region of

16S rRNA as reference for 16S rRNA qPCR

This manuscript N/A

Software and algorithms

QuantStudio Design & Analysis software v1.4.3 Applied Biosystems;

Thermo Fisher Scientific

https://www.thermofisher.com/se/

en/home/global/forms/life-science/

quantstudio-3-5-software.html

GraphPad Prism software versions 5.01 and 9.3.0 GraphPad https://www.graphpad.com/

scientific-software/prism/

(Continued on next page)
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Guppy base calling software software

v4.0.15+56940742

Oxford Nanopore Technologies N/A

Porechop v0.2.4 https://github.com/rrwick/

Porechop

SeqKit software v0.10.0 N/A

Nanoclust pipeline version v1.0dev N/A

R statistical language package Phyloseq

(for analysis and visualization)

N/A

R statistical software DADA2 package v1.0.6 (Callahan et al., 2016) N/A

Taxonomical classification via SILVA database

version 138 SSU Ref NR 99

(Quast et al., 2013) N/A

Taxonomic composition analysis via R packages

Phyloseq v1.0.6 (McMurdie and Holmes, 2013)

(McMurdie and Holmes, 2013) N/A

Taxonomic composition analysis via Phylosmith v1.0.6 https://schuyler-smith.github.io/

phylosmith/

Differential Gene Expression (DEGs) analysis: iDEP http://bioinformatics.sdstate.

edu/idep/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Nelson O.

Gekara (nelson.gekara@su.se).

Materials availability
Materials are available from the lead contact upon request.

Data and code availability
The datasets generated during this study (i.e., RNA-seq and 16S rDNA-seq analyses) are available through the NCBI Sequence Read

Archive under the Bioproject812359 identifier.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All the mice in this study were on C57BL/6 background or backcrossed for at least 8 generations. Sting-/- (C57BL/6J-Tmem173gt/J)

(Sauer et al., 2011), Ticam1-/- (C57BL/6J-Ticam1Lps2/J) (Hoebe et al., 2003) and Cgas-/- mice (Cgas-/- mice (B6(C)-Cgastm1d(EUCOMM)

Hmgu/J) (Schoggins et al., 2014) were from Jackson Laboratory. Ifnb+/Db-luc (Dietrich et al., 2010; Lienenklaus et al., 2009) and Ifnar-/-

were provided by S. Weiss, HZI, Germany.Myd88-/- (Adachi et al., 1998),Mavs-/- (Kumar et al., 2006) were from S. Akira’s laboratory.

Mice were bred and crossed with each other at the Umeå Centre for Comparative Biology (UCCB) to generate the following mouse

lines: Sting-/-Ifnb Db-luc/Db-luc, IfnbDb-luc /Db-luc, Sting-/-Ifnb+/Db-luc, Cgas -/-Ifnb +/Db-luc, Mavs-/-Sting-/-Ifnb+/Db-luc, Myd88-/-Ticam1-/-,

Myd88-/-Ticam1-/-Ifnb+/Db-luc, Myd88-/-Ticam1-/-Mavs-/-, Myd88-/-Ticam1-/-Mavs-/-Ifnb+/Db-luc (H€artlova et al., 2015), Myd88-/-

Ticam1-/-Mavs-/-Sting-/-, Myd88-/-Ticam1-/-Mavs-/-Sting-/-Ifnb+/Db-luc. Animal experiments were carried out according to the guide-

lines set by the Umeå Regional Animal Ethic Committee (Umeå Regionala Djurförsöksetiska N€amnd), Approval no. A53-14 and

A25-2019. In vivo experiments were performed at the UCCB. Mice were maintained under specific pathogen-free conditions.

Age- and sex-matched, co-housed adult mice (8-24 weeks) were used in all experiments.

Cell lines
All cells were cultured at 37�C, 5% CO2 and > 90% relative humidity. HEK293T and HEK293 cells, human embryonic kidney cells,

were maintained in DMEM (DMEM, high glucose, GlutaMAX Supplement, pyruvate) with 10% heat-inactivated fetal bovine serum

(HI-FBS) and split in a ratio of 1:3 to 1:6 when cell confluency of 95% was reached.

L929 cells, murine fibroblasts, were maintained in DMEMwith 10% HI-FBS and split in a ratio of 1:2 to 1:8 when cell confluency of

95% was reached. To produce L929-conditional medium, 13106 L929 cells were cultured in 50 ml DMEM with 10% HI-FBS in

175 cm3 flasks for 1 week, then conditional medium was harvested and sterile-filtered (0.2 mm filter unit), tested for mycoplasma

and stored at -80�C.
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B16-luc (B16F10-Fluc-Puro) cells, murine melanoma cells, were maintained in DMEM with 10% HI-FBS and 1 mg/mL puromycin

and split in a ratio of 1:10 when cell confluency of 95%was reached. After transduction, transduced cells were selected with 1 mg/ml

blasticidin.

THP-1 cells, human monocytic cells, were cultured in RPMI with 10% HI-FBS and 50 mM b-mercaptoethanol, cell densitity was

strictly controlled to be between 0.25 – 1.0 3106 cells/ml.

Vero E6 cells, African green monkey kidney epithelial cells, were maintained in DMEM with 10% HI-FBS and split in a ratio of 1:4

when cell confluency of 95% was reached.

Primary cell culture
To obtain bone marrow-derived macrophages (BMDMs) the following procedure was used: The femurs and tibiae were isolated, and

muscles and tendonswere removed from the bones. Bonemarrow cells were flushed out from the boneswith DPBSusing a 27Gauge

0.4 mm syringe needle. The cells were collected and pelleted at 350 3g for 5 min at room temperature (RT: 20�C). Then cells were

incubated in red blood cell lysis buffer (155 mM NH4Cl, 12 mM NaHCO3, 0.1 mM EDTA) for 5 min at RT. Subsequently, cells were

washedwith IMDMsupplemented with 10%HI-FBS and 1%penicillin-streptomycin (P/S) and seeded in non-cell culture treated petri

dishes for differentiation in IMDM with 10% HI-FBS, 5% P/S and 20% L929-conditioned medium for five days at 37�C5% CO2

and > 90% relative humidity.

Bacterial strains and bacterial growth condition
E. coli MC1061 (araD139 D(ara, leu) 7697 DlacX74 galU galK hsr hsm+ strA) (Casadaban et al., 1980), E. coli MC1061 DlpxM, a de-

rivative of MC1061 was generated in this study. V. cholerae V:5/04 (isolated 2004) was obtained from the Swedish Institute of Infec-

tious Diseases, Sweden. V. cholerae V:5/04 Dvcc is a derivative of V. cholerae V:5/04 (Elluri et al., 2014). The E. faecalis strain OG1RF

(Dunny et al., 1978) was from ATCC and the B. fragilis strain NCTC9343 was obtained from the "DSMZ-German Collection of Micro-

organisms and Cell Cultures GmbH".

All bacterial strains used in this study were grown to the exponential phase for infection experiments, except for transwell exper-

iments where bacteria were grown to stationary phase. E. coli, V. cholerae and Enterococcus faecalis strains were incubated for 24 h

at 37�C on LB agar (Lennox), then inoculated and grown overnight in Luria Bertani broth at 37�C and 150 rpm to stationary phase

followed by subculture in Luria Bertani broth at 37�C and 150 rpm for 2 h to exponential phase. B. fragilis was cultured in anaerobic

basal broth at 37�C under strictly anaerobic and static conditions to stationary phase.

Viruses and viral propagation
Herpes simplex virus type I strain KOS KOS/Dlux/OriL (HSV-I-luc) containing a firefly luciferase reporter (Summers and Leib, 2002),

vesicular stomatitis virus VSV-AV2 (Stojdl et al., 2003), and VSV-GFP (Nair et al., 2014) were employed in this study. For viral prop-

agation, Vero E6 were infected at MOI 0.01 in Opti-MEM for 90 min followed by a medium change to DMEM with 2% HI-FBS. When

cell lysis was observed, cells were snap-frozen at -80�C and then thawed at RT. Cells were vigorously resuspended and collected in

BSA fraction V/PBS solution to a final concentration of 1%. After centrifugation at 10003g at 4�C, virus-containing supernatant was

collected and filtered through an 0.45 mm syringe filter unit. If required, viruses were concentrated using Amicon Ultra-15 Centrifugal

Filters (30kDa MWCO). Virus-containing supernatants were aliquoted and stored at -80�C.

METHOD DETAILS

Animal experiments
To monitor in vivo Ifnb1 gene expression level, Ifnb1 luciferase reporter mice, Ifnb+/Db-luc and IfnbDb-luc/Db-luc were used. To monitor

in vivo viral replication, herpes simplex virus type I strain KOS KOS/Dlux/OriL (HSV-I-luc) containing a firefly luciferase reporter (Sum-

mers and Leib, 2002), vesicular stomatitis virus VSV-AV2 (Stojdl et al., 2003), and VSV-GFP (Nair et al., 2014) were employed. First,

mice were challenged (or not) with 23108 E. coli MC1061 DlpxM and after 2 weeks, they were intraperitoneally infected with 23107

VSV-AV2 for 12 h, and viral load was detected in the spleens using RT-qPCR. Second, mice were exposed (or not) to oral antibiotics

for 2 weeks followed by intranasal infection with 1.23107 HSV-I-luc or 53106 VSV-GFP, then viral titers in the lungs of HSV-1 or VSV-

infected mice were determined by performing plaque forming assays using crystal violet. Third, mice were intranasally infected with

1.23107 HSV-I-luc, 53106 VSV-GFP, or intraperitoneally infected with 43105 HSV-I-luc, or 23108 E. coli MC1061 WT or DlpxM, or

injectedwith 25 mg E. coliMC1061WT orDlpxMMVs. Subsequently, micewere anaesthetized using isoflurane in the XGI-8 gas anes-

thesia system (Caliper), injected intraperitoneally with D-luciferin firefly (12 mg kg-1) and then Ifnb1 luciferase or HSV-I luciferase

levels were analyzed using the Xenogen IVIS-200 System (Caliper). The software Living Image 3.0 (Caliper) was used for image an-

alyses and emission intensity quantification of regions of interest. To deplete gastrointestinal commensal bacteria, mice were orally

treated with 1 g L-1 ampicillin, 1 g L-1 neomycin and 0.5 g L-1 vancomycin via the drinking water for 2 weeks. Antibiotic-containing

drinking water was refreshed every third day. Antibiotic treatment was continued during the time of viral infections. 12 h before

oral gavage with 53108 E. coliMC1061 DlpxM or fecal transplants, mice were put off antibiotics. For fecal transplantation, fecal pel-

lets were collected from the rectum of untreatedWTmice. Pellets were resuspended in PBS at 300 mgmL-1, insoluble particles were

removed by filtration. Then, mice were orally treated with the fecal suspension (150 ml/mouse). At different time points post treatment

or infection, mice were monitored for clinical symptoms such as percentage of weight loss and subcutaneous body temperature.
Immunity 55, 847–861.e1–e10, May 10, 2022 e6



ll
OPEN ACCESS Article
Clinical severity scoring was based on an arbitrary scale from 1 to 4where 1 representedmice withmild but visible symptoms such as

slowed activity whereas 4 represented thosewith the highestmorbidity, i.e., with combinations of hunchback posture, lethargy, loose

fecal pellet, ruffled fur, R 20% weight loss and difficulties in breathing and movement.

In vitro tests to assess whether the antibiotics usedwould affect viral replication and/or Ifnb1 expression showed that our antibiotic

cocktail had no direct effect on IFN-I induction or HSV-1 replication (Figure S1B).

In vitro infection and stimulation
For Western blotting and RT-qPCR, 1.53106 or 63105 BMDMs were seeded in 6-well or 12-well plates, respectively in IMDM sup-

plemented with 10% heat-inactivated (HI)-FBS. After 12 hours, cells were washed twice with DPBS and then stimulated with MVs in

serum-free IMDM for the indicated durations. To enhance the contact of BMDMs with MVs, plates were centrifuged at 250 3g for

5 min. To test the effect of bacterial culture supernatants (conditional medium) on IFN-I gene expression, supernatants of MV prep-

arations after ultracentrifugation were collected and added onto BMDMs for 6 h (see MV preparation below). In the case of bacterial

infections, cells were infected with bacteria at the indicated multiplicity of infections (MOI) in serum-free IMDM. To synchronize the

bacterial infections, bacteria were spun onto BMDMs at 2503g for 5 min. After 1 h, cells were washed twice with DPBS incubated in

IMDM supplemented with 10% HI-FBS and 10 mg mL-1 gentamicin for the indicated durations. To study indirect bacteria-host cell

interaction, cell culture inserts in carrier plate systems (transwells) were used. BMDMs in IMDMsupplementedwith 10%HI-FBSwere

subjected to bacteria restrained in the transwells at MOI 100 for indicated durations. To analyse HSV-I-induced proximal signaling in

MV-primed BMDMs,MVswere spun on BMDMs in IMDM supplemented with 10%HI-FBS at 2503g for 5min, and further incubated

for 12 h. Then cells were washed twice with DPBS and infected with HSV-I-luc in Opti-MEM at indicated MOIs and for designated

durations. To improve HSV-I-luc infection of BMDMs, HSV-I-luc was centrifuged onto BMDMs at 2503g for 5min, and 3 h post HSV-

I-luc infection, Opti-MEM was replaced by IMDM supplemented with 10% HI-FBS and 10 mg mL-1 gentamicin.

To determine the viral load of VSV-AV2 in bacteria-primed BMDMs using RT-qPCR, BMDMs were infected (or not) with E. coli

DlxpM at MOI 1 for 3 h. Cells were then washed twice with DPBS and infected with VSV-AV2 at MOI 0.1 in Opti-MEM containing

10 mg mL-1 gentamicin. At 3 h post viral infection, the medium was replaced by IMDM supplemented with 10% HI-FBS and 10 mg

mL-1 gentamicin.

Transfection of HEK293 cells was performed using Lipofectamine LTX Reagent with PLUS Reagent. 36 h after transfection, cells

were seeded in DMEM with 10% HI-FBS. Cells were let to rest for 16 h before further treatments. Before MV stimulation, cells were

washed twice with DPBS and then stimulated with E. coli or V. cholerae MVs in serum-free DMEM. MV stimulations were synchro-

nized by centrifugation at 250 3g for 5 min.

THP-1 cells were seeded at a density of 13106 cells per mL in RPMI with 10% HI-FBS and 50 mM b-mercaptoethanol and directly

primed with DlpxMMVs for 12 h. Then, by using centrifugation at 1203g, cells were washed with 1 ml DPBS followed by infection (or

not) with HSV-1-luc at MOI 1 in 1 ml Opti-MEM for 12 h. 3 h post infection, Opti-MEM was replaced by RPMI with 10% HI-FBS and

50 mM b-mercaptoethanol.

Sting-/-, Cgas-/-, Cgas-/- Sting-/- and NTC B16-luc melanoma cells were generated by CRISPR/Cas9 technology using lentiviruses

generated fromHEK293T cells co-transfected with the plasmids psPAX2, pMD2.G and the following gRNAs cloned into lentiCRISPR

v2-Blast: STING gRNA1: CGGCAGTTATTTCGAGACTC; STING gRNA2: TACTTGCGGTTGATCTTACC, cGAS gRNA1: AAACGG

CTCTCGTCTTAGAT; cGAS gRNA2: ATATTCTTGTAGCTCAATCC. Cells were selected with 2 mg mL-1 blasticidin. B16-luc cells

were seeded in 12-well plates (400,000 cells/well) in 800 ml DMEM with 10% HI-FBS. After 12 h, cells were washed with DPBS

and 400 ml DMEM (without HI-FBS) was added to each well. Transwell inserts were hooked and 43107 E. coli MC1061 DlpxM in

200 ml DMEM (MOI 100) were added into the transwell inserts and incubated for 4 h.

Real-time qPCR analysis
Total RNA was isolated from cells using TRIzol Reagent and DNA contamination was removed by DNase I (Amplification Grade;

Thermo Scientific) treatment or the RNeasy Mini Kit and RNase-Free DNase Set. Organs were preserved in RNAlater stabilization

solution prior to RNA isolation. RNA was reverse transcribed using a 1:1 mix of oligo(dT)18 and random hexamer primers and the

RevertAid H Minus First Strand cDNA Synthesis Kit (#K1632; Thermo Scientific). Real-time qPCR was performed by using

QuantStudio 5 and analyzed using QuantStudio Design & Analysis software v1.4.3 (Applied Biosystems; Thermo Fisher Scientific).

The results were normalized to 18S (reference gene) and expressed as fold change relative to untreated or mock-treated controls

using the comparative CT method (DDCT). The following TaqMan Gene Expression Assays (FAM/VIC) in combination with the

TaqMan Gene Expression Master Mix were applied: Ifnb1 (Mm00439552), Mx1 (Mm00487796), Mx2 (Mm00488994), Tnf

(Mm00443258), Cxcl10 (Mm00445235), and Rn18S; Rn4+ (Mm03928990). For HSV-1 and VSV gene expression analyses the

following primers and probes were used: HSV-1 5’ FAM/3’ BHQ-1 probe: 5’-cgtctggaccaaccgccacacaggt-3’, HSV-1-for:

5’-ttctcgttcctcactgcctccc-3’, HSV-1-rev: 5’-gcaggcacacgtaacgcacgct-3’, VSV 5’ FAM/3’ BHQ-1 probe: 5’-tgcaccgccacaaggcaga

ga-3’, VSV-for: 5’-gatagtaccggaggattgacgacta-3’, VSV-rev: 5’-tcaaaccatccgagccattc-3’.

16S rDNA profiling of mouse gut microbiota
Fecal pellets collected from mice before and after 14 days of oral antibiotics were stored at -80�C and DNA was extracted using the

Qiagen DNA extraction kit. PCR was performed using universal bacterial primers 27F 5’-agagtttgatcctggctcag-3’ and 1492R

5’-ggttaccttgttacgactt-3’ and Phusion� Hot Start II Taq polymerase (Thermo Scientific, Vilnius, Lithuania), corresponding to
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V1-V8 regions of the 16S rDNA gene, followed by repeated bead purification. Samples were then barcoded according to the standard

Nanopore (Oxford Nanopore Technologies) protocol for 16S ribosomal analysis, and the finished library was run on a Minion flowcell

(Oxford Nanopore Technologies). After sequencing and base-calling using the Guppy base calling software v4.0.15+56940742

(Oxford Nanopore Technologies), sequences were demultiplexed and adapters trimmed using Porechop v0.2.4 (https://github.

com/rrwick/Porechop). Filtering of reads was done using the SeqKit software v0.10.0. The obtained fastq-files were analyzed using

the Nanoclust pipeline version v1.0dev and the NCBI 16S ribosomal RNA database retrieved on 2020-11-30. For samples frommice

not treatedwith antibiotics, sequences <1000 bp and >2000 bpwere omitted, and aminimumquality score of 13was used, otherwise

all parameters were set to default. For samples from antibiotic-treated mice (containing low amounts of bacteria), sequences

<1200 bp and >1800 bp were omitted, the minimum quality score was set to 14, and the following parameters not set as default

were used: min_cluster_size 25, cluster_sel_epsilon 1. Following classification using Nanoclust, the compositional data were

converted into OTU/ASV- and taxonomy-tables using an in-house PERL script (available upon request), for further analysis and visu-

alization using the R statistical language package Phyloseq.

16S rDNA qPCR
DNA from mouse feces was analyzed by SYBR green quantitative PCR for bacterial 16S rDNA genes using primers 341F

(5’-cctacgggnggcwgcag-3’) and 785R (5’-gactachvgggtatctaatcc-3’) according to the following cycling conditions: 50�C for

2 min, 95�C for 2 min, 45 cycles of 95�C for 15 s, 58�C for 15 s and 72�C for 1 min. Quantitation of 16S rDNA genes was performed

by comparison to a plasmid standard of 16S V3 and V4 region in topo TA vector.

Generation of DlpxM- mutant in E. coli MC1061
The lpxM gene in strain MC1061 was replaced with a CmR (chloramphenicol)-cassette by homologous recombination (Datsenko and

Wanner, 2000). At first, the temperature-sensitive helper plasmid pKD46 was introduced into the wild-type E. coli strain MC1061. A

fragment containing a CmR-cassette flanked by DNA sequences upstream and downstream of the lpxM gene was PCR amplified

according to the manufacturer’s manual (58�C anneal for 30 s, 72�C extension for 90 s, 35 cycles). The amplification was performed

using the primers lpxMmutup and lpxMmutdo, designed to include 37 bp upstream and 38 bp downstream of the lpxM gene, respec-

tively, the CmR-cassette containing plasmid pKD3, and 23 Kapa mix (Kapa Biosystems). The gel-purified fragment was introduced

by electroporation into the MC1061 strain. Successful mutagenesis was verified by PCR amplification (59�C anneal for 30 s, 72�C
extension for 1 min, 35 cycles) using the primers lpxMup1 and lpxMdo2. The resulting fragments were digested with NcoI because

this enzyme cleaves mutant fragments while the wild-type fragment keeps intact. The lpxM mutant clone was then cured of the

pKD46 plasmid at an elevated temperature (42�C). The loss of pKD46 plasmid was verified by carbenicillin sensitivity. Primers for

mutant construction: lpxMmutup: 5’-ccagattgatttttgccttatccgaaactggaaaagcatggtgtaggctggagctgctt-3’, lpxMmutdo: 5’-catcaggc

gaaggcctctcctcgcgagaggcttttttacatatgaatatcctccttag-3’, lpxMup1: 5’-gatcgtcgcgaattcctggcgcag-3’, lpxMdo2: 5’-cccagggcgacgt

gatgagt accg-3’.

Isolation of bacterial membrane vesicles (MVs) from bacterial cultures
MVs were isolated from V. cholerae V:5/04 WT, V:5/04 Dvcc, and E. coliMC1061 WT, MC1061 DlpxM and Enterococcus faecalis as

follows: E. coli, E. faecalis and V. cholerae strains were incubated for 24 h at 37�C on LB agar, then inoculated and grown overnight in

Luria Bertani broth at 37�C and 150 rpm to stationary phase. B. fragilis was cultured in liquid anaerobic broth at 37�C under strictly

anaerobic and static conditions. Culture supernatants were obtained by centrifugation of bacterial suspensions at 6,000 3g for

15 min at 4�C, followed by filtration through a 0.45 mm filter. Filtrates containing MVs were centrifuged at 29,000 3g and 4�C for 3

h. Then pelleted MVs were suspended in 20 mM Tris pH 8.0 and stored at 4�C. Pierce BCA protein assay was used to determine

the protein concentration of MVs.

Digestion of extra-vesicular DNA of MVs
V cholerae V:5/04 Dvcc MVs were digested with 100 U mL-1 benzonase nuclease in 20 mM Tris pH 8.0, 2.5 mM MgCl2 and 100 mM

CaCl2 at 37
�C and 300 rpm for 30 min. MVs were then washed twice with 20 mM Tris pH 8.0 using centrifugation at 29,0003g at 4�C

for each 3 h. Finally, MVs were resuspended in 20 mM Tris pH 8.0 and Pierce BCA protein assay was used to determine the protein

concentration of MVs.

Analysis of MV-associated DNA
MVs in 20 mM Tris pH 8.0, 2.5 mMMgCl2 and 100 mM CaCl2 were left untreated or heat-lysed at 95�C for 10 min and then digested

with 100 UmL-1 benzonase nuclease at 37�C and shaken at 300 rpm for 30 min. Then benzonase nuclease was heat-inactivated and

MVs were lysed at 95�C for 10 min. Samples were centrifuged at 20,000 3g for 10 s and supernatants were loaded on 1%

agarose gels.

Isolation of membrane vesicles from the gut and blood samples
Fecal pellets (colon contents) of 24 mice were collected in 4 ml ice-cold DPBS (-Mg2+, -Ca2+). Fecal pellet suspension was pre-

cleared twice by centrifugation at 4,000 3g, 4�C for 5 min, then twice by centrifugation at 4,000 3g and 4�C for 10 min, and finally

at 6,000 3g and 4�C for 20 min, with the supernatant from each step being subjected to centrifugation in subsequent steps. Then
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supernatants were filtered through a 0.45 mm syringe filter then through a 0.2 mm syringe filter. Amicon Ultra-2 Centrifugal Filter Units

(Millipore, #UFL20024) were equilibrated with 500 ml of 0.2 mm filtered DPBS at 4,000 3g at 4�C for 60 min. To concentrate the su-

pernatants, 23 1.5ml of suspension were loaded onto Ultra-2 Centrifugal Filter Units and centrifuged at 4,0003g and 4�C for 30min.

Each concentrated sample was collected at a final volume of 500 ml.

Blood (11.5 ml) was collected from 24 mice and incubated at RT for 30 min. Serum was pre-cleared twice by centrifugation at

1,5003g and RT for 10 min and transferred to new tubes. Serum was loaded onto three DPBS-equilibrated Amicon Ultra-2 Centrif-

ugal Filter Units and concentrated at 4000 3g at 4�C for 90 min, before serum samples were pooled to a total volume of 500 ml.

Then qEV10 / 70 nm columns (IZON; #1004105) were equilibrated with 40 ml of filtered DPBS, and 500 ml of each sample was

added on top of the columns. Void volumes of 3 ml were let to pass, and, while column was constantly refilled, the subsequent

1.5 ml fractions containing the MVs were collected. These fractions were again concentrated by employing Amicon Ultra Centrifugal

Units to a final volume of 200 ml. To deplete extravesicular nucleic acids fromMVpreparations, MgCl2 and CaCl2 were added to a final

concentration of 2 mM and 0.1 mM, respectively, and samples were incubated with 25 U mL-1 benzonase for 30 min at 37�C. 1 mM

EDTA was then added, and samples were heated at 95�C for 5 min (to inhibit benzonase). Subsequently, DNA was isolated.

16S rDNA profiling of mouse fecal and serum vesicles
DNA was extracted from fecal- and serum-derived MVs and purified using AMPure XP beads (Beckman Coulter) and a total amount

of 200 ng DNA was used for PCR amplification with primer sets targeting different hypervariable regions in a two-step amplification

procedure: First, universal primers (27F 5’-agagtttgatcctggctcag-3’ and 1492R 5’-ggttaccttgttacgactt-3’) were used to generate the

expected full gene length of approximately 1400 bp. This was followed by and a second PCR using the following primers for the V3-

V4 hyper-variable region of the bacterial 16S rRNA (5’-tcgtcggcagcgtcagatgtgtataagagacagcctacgggnggcwgcag-3’ and 5’-gtctcg

tgggctcggagatg tgtataagagacaggactachvgggtatctaatcc-3’) that generate an amplicon of approximately 460 bp. PCR product was

selected by appropriate size and purified for library preparation. Same amounts of PCR products from each sample were pooled,

end polished, A-tailed, and ligated with adapters. After purification, the library was analyzed for size distribution, quantified using

real-time PCR, and sequenced on NovaSeq 6000 SP flowcell with PE250.

Following sequencing, reads were trimmed, subjected to quality filtering and denoising using the R statistical software

DADA2 package v1.0.6 (Callahan et al., 2016). Given the high quality of the sequencing reads no truncation was done, other param-

eters were as follow: trimLeft =c(5,5), maxN=0, maxEE=c(2,3), truncQ=2. After chimera-removal an average of �23000 reads per

sample were retained. Following removal of mitochondrial sequences, a total of 6095 taxa were identified and taxonomically

classified using the SILVA database version 138 SSU Ref NR 99 (Quast et al., 2013). Taxonomic composition was analyzed and visu-

alized using the R packages Phyloseq v1.0.6 (McMurdie and Holmes, 2013) and Phylosmith v1.0.6 (https://schuyler-smith.github.io/

phylosmith/).

Bulk RNA sequencing of tissues
RNA samples from mouse tissues were used for library preparation using NEB Next� Ultra� RNA Library Prep Kit for Illumina.

Indices were included tomultiplexmultiple samples. Briefly, mRNAwas purified from total RNA using poly-T oligo-attachedmagnetic

beads. After fragmentation, the first strand cDNA was synthesized using random hexamer primers followed by the second strand

cDNA synthesis. The library was ready after end repair, A-tailing, adapter ligation, and size selection. After amplification and purifi-

cation, insert size of the library was validated on an Agilent 2100 and quantified using quantitative PCR (Q-PCR). Libraries were then

sequenced on Illumina NovaSeq 6000 S4 flowcell with PE150 according to results from library quality control and expected data

volume.

Gene expression levels were quantified as Fragments Per KilobaseMillion (FPKM). FPKM values of at least R 0.5 were selected and

Log2-transformed for the Differential Gene Expression (DEGs) analysis using iDEP (http://bioinformatics.sdstate.edu/idep/). DEGs

were defined by 2-fold changes within each indicated paired-comparisons. DEGs were defined by comparing WT mock control

group with the antibiotic-treated group or knockout groups. The FPKM value for each gene was Log2-transformed and average

values from individual samples were calculated and heatmaps plotted with conditional formatting in excel.

Western Blot analysis
Cell culture medium was removed, and cells were washed twice with DPBS. Then cells were lysed in 23 Laemmli buffer containing

b-mercaptoethanol. Protein lysates from colons were prepared by immediately pushing the colons in ice-cold PBS through a 70 mm

strainers. Cells were pelleted at 1,000 3g, at 4�C for 5 min. Supernatants were discarded and cell pellets resuspended in RNAlater

and stored at 4�C, and later at -20�C. To prepare cell lysates, 1 volume of cell suspension in RNAlater was mixed with 6 volumes of

ice-cold PBS. Cells were pelleted at 4,0003g, at 4�C for 10 min and then resuspended in cell disruption buffer (Invitrogen� PARIS�
Kit, #AM1921 Thermo Fisher Scientific). Lysates were incubated on ice for 30 min before centrifugation at 10,000 3g and 4�C for

10 min and transfer of the soluble fraction to a new reaction tube. Protein concentration was determined by the BCA assay and

15 mg of each protein sample was used for immunoblotting.

Proteins were separated on 10 or 13.5% SDS-PAGE gels and immunoblotted onto nitrocellulose membranes. Membranes were

blocked in 13 Roti Block (Roth; #A151.2) for 1 h and subsequently incubated with different primary antibodies overnight. After incu-

bation with HRP-labelled secondary antibodies, the proteins were detected using ECL substrates and X-ray films.
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Luciferase assay systems
33105 BMDMs (in a 24-well plate) were lysed in 50 ml Reporter Lysis Buffer (#E3971; Promega). 25 ml of each lysate were mixed with

100 ml of Luciferase Assay Reagent (#E1500; Promega) andmeasured for luciferase activity using a Tecan Infinite M200 plate reader.

Relative luminescence units were normalized to protein concentration obtained by Bradford method. The Dual-Luciferase Reporter

Assay System (#E1910; Promega) was used to determine firefly and Renilla luciferase activities simultaneously. 1.53105 HEK293

cells (in a 24-well plate) co-transfected with pGL3 Mx2 p3K neo, pMuLE ENTR CMV Renilla Luciferase L5-L2 and pBabe-puro-

IRES-eGFP or pBabe-cGAS were lysed in 50 ml 1x Passive Lysis Buffer (#E1941; Promega) and 25 ml of each lysate was used to

determine the luciferase activities using a Tecan Infinite M200 plate reader. Relative luminescence units of firefly luciferase (Mx2

expression) were normalized to relative luminescence units obtained from Renilla luciferase (internal control, constitutively active)

of the same sample.

Electron Microscopy
To analyse vesicle morphology, MV preparations were negatively stained with 0.1% uranyl acetate on a carbon-coated Formvar grid

and examined with a JEM1230 transmission electron microscope (JEOL) operating at 80 kV.

Atomic Force Microscopy of membrane vesicles
Imaging of bacterial membrane vesicles by Atomic Force Microscopy (AFM) was performed as described previously (Ahmad et al.,

2019). Briefly, samples of membrane vesicle preparations were placed onto freshly cleaved mica (Goodfellow Cambridge Ltd.,

Cambridge, UK). Prior to imaging the samples were blot dried and kept in a desiccator. Imaging was done on a Multimode 8 Nano-

scope AFM (Digital Instruments, Santa Barbara) using TappingModeTM. The silicon probe has oscillated at its resonant frequency of

approximately 300 kHz, selected by the Nanoscope software. Images were collected in the air at a scan rate of 0.8-1.5 Hz. The final

images were plane fitted in both axes and presented on a surface plot of the height mode.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical information
Statistical analyses were conducted by using the GraphPad Prism software versions 5.01 and 9.3.0. The data in the text and

Figures are expressed as the means with the standard error of the means (± SEM). Statistical comparisons were done either using

a one–way ANOVA with Bonferroni post-test or Mann Whitney test; if samples were paired a two-tailed paired t-test was applied.

P < 0.05 was considered statistically significant.
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