ARTICLE

QQ&) Journal of
QP D Experimental
t’:’& Medicine

Mycobacterium tuberculosis-induced IFN-8
production requires cytosolic DNA and RNA sensing

pathways

Yong Cheng and Jeffrey S. Schorey®

RNA sensing pathways are key elements in a host immune response to viral pathogens, but little is known of their importance
during bacterial infections. We found that Mycobacterium tuberculosis (M.tb) actively releases RNA into the macrophage
cytosol using the mycobacterial SecA2 and ESX-1 secretion systems. The cytosolic M.tb RNA induces IFN-B production
through the host RIG-I/MAVS/IRF7 RNA sensing pathway. The inducible expression of IRF7 within infected cells requires

an autocrine signaling through IFN-P and its receptor, and this early IFN-B production is dependent on STING and IRF3
activation. M.tb infection studies using Mavs™/- mice support a role for RNA sensors in regulating IFN-B production and
bacterial replication in vivo. Together, our data indicate that M.tb RNA is actively released during an infection and promotes
IFN-B production through a regulatory mechanism involving cross-talk between DNA and RNA sensor pathways, and our data
support the hypothesis that bacterial RNA can drive a host immune response.

Introduction
Innate immunity is the first line of our host defense against
microbial pathogens. Cells respond to microbial pathogen-as-
sociated molecular patterns through engagement of pattern
recognition receptors (PRRs) resulting in the initiation of an
immune response (Brubaker et al., 2015). Engagement of host
PRRs triggers downstream signaling pathways resulting in the
production of various cytokines and chemokines including type
I IFNs. The type I IFN receptor (IFNAR), which is composed of
two subunits, IFNAR1 and IFNAR?2, regulates the transcription
of a set of IFN-stimulated genes, many of which are important
in promoting antiviral immunity (McNab et al., 2015). However,
the relevancy of type I IFNs in an immune response to bacterial
infections is less understood and, depending on the pathogen,
may have beneficial or detrimental effects (Kovarik et al., 2016).
In the context of a Mycobacterium tuberculosis (M.tb) infection,
the production of type I IFNs appears to limit the protective im-
mune response (O'Garra et al., 2013). For example, Ifnarl~/~ mice
show increased resistance to an M.tb infection when compared
with WT mice (Stanley et al., 2007; Dorhoi et al., 2014). A link
between increased expression of IFN-stimulated genes and ac-
tive tuberculosis has also been observed in human genetic studies
(Berry et al., 2010).

Since published reports indicate that the type I IFN response
observed upon an M.tb infection plays an important role in tu-

berculosis pathogenesis and immunity, recent work has focused
on what mycobacterial components and host pathways are in-
volved. A number of studies indicate that host cytosolic DNA
sensing pathways are crucial for M.tb-induced type I IFN pro-
duction (Manzanillo et al., 2012; Collins et al., 2015; Dey et al.,
2015; Wassermann et al., 2015; Watson et al., 2015). The cytosolic
DNA sensor cyclic GMP-AMP synthase (cGAS) directly recog-
nizes M.tb DNA, which is released through an ESX-1-dependent
manner. The DNA-bound c¢GAS subsequently activates STING
(stimulator of IFN genes) and the transcription factor IRF3, re-
sulting in type I IFN production (Manzanillo et al., 2012; Collins
et al., 2015; Wassermann et al., 2015; Watson et al., 2015). M.tb
also releases a bacterial second messenger, cyclic-di-adenosine
monophosphate (c-di-AMP), which stimulates IFN-p expression
through a cGAS-independent but STING-dependent pathway
(Dey et al., 2015). Although these published studies indicate that
STING activation is required for type I IFN production in host
cellsupon an M.tbinfection, there are likely additional pathways
that intersect/amplify the host response.

Our previous studies indicate that M.tbRNA is present in exo-
somes, which are endosome-derived membrane vesicles released
from cells that function in intercellular communication (Schorey
etal., 2015; Singh et al., 2015). The presence of M.tbRNA in exo-
somes suggests that the RNA is released from M.tb during an
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infection and therefore potentially detected by host endosomal
or cytosolic RNA sensors. However, there is very limited infor-
mation on the role of mycobacterial RNA in M.tb pathogenesis,
and this is likely due to an assumed lack of accessibility of bac-
terial RNA to corresponding host PRRs. In the present study, we
show that M.tb mRNA is released into the macrophage cytosol
through a SecA2- and ESX-1-dependent mechanism and activates
the retinoic acid-inducible gene (RIG-I)/mitochondrial antivi-
ral signaling protein (MAVS)/tank-binding kinase 1 (TBK1)/IRF7
signaling pathway. Activation of this RNA sensing pathway re-
quires prior STING activation and works synergistically with the
DNA sensing pathway to stimulate IFN-B production in host cells
during an M.tb infection. In addition, our findings demonstrate
a role for MAVS in regulating an immune response to an M.tb
infection in vivo.

Results

M.tb releases mRNAs through a SecA2-dependent pathway
M.tb RNA has been detected in mycobacterial culture superna-
tant previously (Obregén-Henao et al., 2012). However, it was
unclear if this RNA was released by bacterial lysis or through
an RNA transporter, or contained within outer membrane ves-
icles, which can also contribute to release of extracellular bac-
terial RNA. To begin defining the mechanisms of RNA release
we cultured an M.tb H37Rv strain expressing DsRed in liquid
broth until midexponential phase and analyzed for M.tb RNA
in the culture filtrate. To remove any potential contamination
from outer membrane vesicles, the culture filtrates were sub-
ject to ultracentrifugation before RNA extraction. Six different
M.tbmRNAs were detected (Fig. S1A), but no PCR products were
detected in the absence of reverse transcription, excluding the
contamination from genomic DNA (data not shown). The RNA
was released from intact bacteria as we failed to detect DsRed
mRNA (Fig. S1 A) in the culture filtrate. A similar result was ob-
served in Mycobacterium bovis bacillus Calmette-Guérin (BCG)
expressing DsRed (data not shown). Additionally, we measured
the M.tb RNAP-B, a mycobacterial lysis marker (Reyna et al.,
2016). As shown in Fig. S1 B, no RNAP-B was detected in the
culture filtrate under the culture conditions used for RNA iso-
lation. In contrast, the presence of EsxB, a known secreted pro-
tein, was readily detected in the culture supernatant. Similar to
H37Rv, M.tb CDC1551 and Erdman strains both release mRNA,
but not 16S ribosomal RNA (rRNA), into the culture media
(Fig. S1, Cand D).

The presence of M.tbmRNAs but not DsRed in the culture fil-
trate suggests the presences of an active RNA transporter. SecA2
was previously shown in Listeria monocytogenes to be required
for release of RNA into the bacterial culture media (Abdullah et
al., 2012). However, this study did not define any specific nu-
cleic acids that were released by the Listeria. Mycobacteria also
express a SecA2 secretion system, and therefore, we evaluated
its potential role in mRNA release. As shown in Fig. 1 (A and B),
we detected all six M.tb mRNAs in the culture filtrate of WT and
the secA2 complemented strains but not for the AsecA2 mutant.
In contrast, we detected all the transcripts in the cell lysates for
each CDC1551 strain.
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M.tb mRNA released through SecA2 is found in the cytosol of
infected macrophages

To determine if SecA2 was also involved in release of M.tb RNA
during a macrophage infection, we infected Raw264.7 cells
with WT, AsecA2, and secA2 complemented CDC1551 strains
and evaluated the cytosol at different times after infection for
M.tb transcripts previously detected in culture filtrate. We de-
tected by quantitative RT-PCR all the tested M.tb transcripts
in the cytosol of WT CDC1551-infected macrophages at 8 and
24 h after infection (Fig. 1 C). However, we failed to detect or
detected at low levels these transcripts in the cytosol of mac-
rophages infected with AsecA2 CDC1551. Macrophages infected
with the complemented strain showed comparable results to WT
CDC1551 (Fig. 1 C). No M.thb rRNA was detected by qRT-PCR at
all three time points (data not shown). Moreover, although we
detected the M.tb transcripts at a similar level in total cellular
RNA at all time points, we failed to detect M.tb RNA in the cy-
tosol 4 h after infection (Fig. 1 C). It is interesting that the three
RNAs show different kinetics in their presence in the host cyto-
sol with rpoC more prevalent in the cytosol at 8 h, while mcel8
and ppell were more abundant at 24 h. This suggests that there
may be differences in the transport processes between the dif-
ferent RNAs. Nevertheless, the releases of all three RNAs were
dependent on M.tb expressing SecA2. To determine if, during a
bone marrow-derived macrophage (BMM) infection, the AsecA2
CDC1551 release RNA from the mycobacteria but the RNA fails
to gain entry into the cytosol, we lysed the infected cells under
conditions that permeabilized host membranes including pha-
gosomes. Under these conditions, we failed to detect M.tb RNA
in the infected cell lysate but could detect the RNA in the M.tb
isolated from the infected BMM (Fig. 1 D). Since previous re-
sults indicate that M.tb secA2 mutants are attenuated within
macrophages (Sullivan et al., 2012), we evaluated the bacterial
load for the different CDC1551 strains during the first 24 h of
infection. M.tb was present within infected macrophages for all
strains, although there was a slight decrease in bacterial num-
bers in cells infected with the AsecA2 CDC1551 relative to WT
24 h after infection (Fig. 1 E). Cells isolated from the broncho-
alveolar levage fluid of M.tb-infected mice are known to con-
tain mycobacteria (Repasy et al., 2013). Therefore, we isolated
F4/80+ macrophages from CDC1551-infected mice. Consistent
with the results observed in BMMs, M.tb mRNAs were also de-
tected in the cytosol of F4/80+ macrophages isolated from WT
or secA2 complemented M.th-infected mice, but the M.tb RNA
was absent or present at low levels in macrophages isolated from
AsecA2-infected mice (Fig. 1 F). Previous studies also indicate
that M.tb DNA is present in the cytosol of infected macrophages
(Manzanillo et al., 2012; Watson et al., 2015). Therefore, we eval-
uated whether the SecA2 secretion system was also required for
release of M.tb DNA and served as a common transporter for
mycobacterial nucleic acids. Testing for M.tb DNA species previ-
ously identified in the cytosol of infected macrophages (Watson
et al., 2015), we observed no effect of SecA2 expression on the
levels of M.tb DNA in the cytosol (Fig. 1 G). Further, in contrast
to the M.tb RNA, we detected the highest levels of M.tb DNA in
the cytosol at 4 h after infection with little or no detectable DNA
at 8 and 24 h (Fig. 1G).
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Figure1. The M.tbSecA2 and Esx-1secretion systems are important for delivery of mycobacterial mRNAs into the cytosol of infected macrophages.

(A and B) Use of qRT-PCR to determine the abundance of M.tb mRNAs in total cellular RNA and seRNAs. 165 rRNA was used as an input control for total cel-
lular RNA but was not detected in seRNAs. Each M.tb transcript abundance was expressed as the percentage relative to WT. (C) Use of qRT-PCR to determine
M.tb mRNA abundance in macrophages (total cellular RNA) or the cytosol (cytosolic RNA) at the times indicated. All mRNAs were normalized to GAPDH. Each
transcript was expressed as percentage relative to its abundance in total cellular RNA from macrophages infected with WT M.tb. (D) qRT-PCR analysis for M.th
mRNAin lysed Raw264.7 cells infected for 24 h with indicated M.tb CDC1551 strains. Lysed Raw264.7 cells were separated into M.tb cells (pellet) and Raw264.7
cell lysate (supernatant), and RNA was purified from both fractions. The data were normalized as described in A. (E) Survival of M.tb strains within BMMs
infected at an MOI of 10. Results are mean CFUs + SD of three independent infections at each time point (n = 3 independent infections per group). (F) Similar to C,
but assayed for M.tb mRNA abundance in F4/80+ macrophages isolated from C57BL/6 mice (n = 3 mice per group) aerosol-infected for 2 wk with M.th CDC1551
strains. (G) M.tb DNA (16S rDNA, dnaK, IS6110, and crisp) in the cytosol of infected macrophages was measured by PCR. (H) Raw264.7 cells were infected for
24 h with WT, AesxA, or AesxA_Comp (esxA complemented strain) M.tb Erdman strains. qRT-PCR was used to quantify the M.tb transcripts present in whole
cells and cytosol. Data were normalized as described for C. (1) Similar to D, except cells were infected with the indicated M.tb Erdman strains. Data are mean +
SD of triplicate wells and representative of at least three independent experiments. * P < 0.05 and ** P < 0.01 by two-tailed Student’s t test. ND, not detected.
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Figure 2. Mycobacterial SecA2 and ESX-1 secretion systems are required for delivery of M.tb RNA into the cytosol of macrophages. (A) Schematic
diagram of the experiment design. (B-E) The RNA bioanalyzer results for the EU-labeled RNA from total cell lysate (B and D) and cytosolic fraction (C and
E). (B and C) Cells infected with the M.th CDC1551 strains. (D and E) Cells infected with the M.tb Erdman strains. (F and H) qRT-PCR of the M.tb transcripts
(mcelB, rpoC, ppell, and 16S rRNA) before pull-down. Each transcript was normalized to GAPDH. The abundance of each transcript was expressed relative to
the M.tb transcript/GAPDH ratio defined for unlabeled WT M.tb-infected cells for both total cellular and cytosolic RNA. (G and 1) gRT-PCR of the M.tb and host
transcripts (mcelB, rpoC, ppell, 16S rRNA, and GAPDH) after biotin-streptavidin purification. The abundance of each transcript was expressed relative to WT
M.tb-infected cells for both total cellular and cytosolic RNA. Unlabeled indicates host cells infected with unlabeled WT M.tb. Data are representative of two

independent experiments. (F-1) Data are mean + SD of duplicate wells. ** P < 0.01 by two-tailed Student’s t test.

Cytosolic localization of M.tb mRNA requires the ESX-1
secretion system

Previous studies have identified the mycobacterial ESX-1 secretion
system is required for release of M.tb DNA into the cytosol of in-
fected macrophages (Manzanillo et al., 2012; Watson et al., 2015).
To evaluate its potential role in mRNA release, we infected macro-
phages with M. bovis BCG, which lacks a functional ESX-1secretion
system due to the loss of the RD1 region (Brodin et al., 2002). In
BCG-infected cells, we failed to detect mycobacterial transcripts in
the cytosol (Fig. S2, A and B). To further define ESX-1’s role in the
transport of M.tb RNA into the cytosol, we infected macrophages
with WT, AesxA, and esxA complemented Erdman strains. As ob-
served for BCG, cytosolic M.tb mRNA was only detected in macro-
phages infected with Erdman strains that have a functional ESX-1
secretion system (Fig. 1 H). As expected, release of M.th mRNA
during broth culture was not dependent on ESX-1 (Fig. S2, C and
D). Moreover, under conditions that lyse cellular compartments
including phagosomes but not M.tb, we detected the M.tb RNA in
the cell lysate of AesxA-infected cells (Fig. 11). However, using these
same lysis conditions, we did not detect M.tb RNA in the lysate of
cells infected with the AsecA2 mutant (Fig. 1D).

To extend the role of SecA2 and ESX-1secretion systems in the
release of M.tbmRNAs beyond the few mRNAs tested by PCR, we
developed a method as outlined in Fig. 2 to specifically quantify
the M.tb RNA in the cytosol of macrophages infected with M.tb
strains labeled with 5-ethynyl uridine (EU; Fig. 2 A). Using this

Cheng and Schorey
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method, we found that labeled M.tb RNA present in the macro-
phage cytosol is significantly reduced in cells infected with M.tb
lacking SecA2 or EsxA compared with WT or complemented M.tb
strains (Fig. 2, B-E). Additionally, two sharp rRNA peaks corre-
sponding to mycobacterial 16S and 23S rRNA were detected in
total cellular RNA (Fig. 2, B and D) but were absent in cytosolic
RNA (Fig. 2, C and E). The M.th RNA abundance was further de-
termined by qRT-PCR on the total cellular RNA and cytosolic RNA
before (Fig. 2, F and H) or after (Fig. 2, G and I) biotin-strepta-
vidin purification. As seen in Fig. 2 (F and H), each M.tb RNA
(mcelB, rpoC, ppell, and 16S rRNA) showed a comparable abun-
dance in total cellular RNA isolated from macrophages infected
with various M.tb strains. However, the abundance of these my-
cobacterial mRNAs was significantly decreased or undetectable
in the cytosol of macrophages infected with the AsecA2 or AesxA
strains. When analyzing biotin-streptavidin-purified RNA from
total cellular RNA, all M.tb RNA species showed a similar level
of abundance in cells infected with various M.tb strains (Fig. 2,
Gand]I).In contrast, after biotin-streptavidin purification, M.th
mRNA abundance diminished or was undetectable in the cyto-
sol of macrophage infected with the AsecA2 or AesxA mutant
(Fig. 2, G and I). In cells infected with M.tb strains that were not
labeled with EU, no M.tb RNA was detected after biotin-strepta-
vidin purification. As expected, only the M.tbmRNAs but not the
16S rRNA were detected in the cytosol of cells infected with M.tb
before or after the biotin-streptavidin purification (Fig. 2, F-I).
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Figure3. The SecA2 and ESX-1secretion systems are required for IFN-B production by M.tb-infected BMMs, and this is mediated through a MAVS-de-
pendent pathway. (A) WT BMMs were infected at a 10:1 MOI with the M.tb CDC1551 strains for 4, 8, or 24 h. The IFN-B mRNA levels were determined by
qRT-PCR. (B) IFN-B in the BMM culture supernatants was defined by ELISA 24 h after infection. (C) Similar to A, but macrophages were infected with the
indicated Erdman strains. (D) WT and Mavs~/- BMMs were infected with WT M.tb CDC1551 for the times indicated or left uninfected. The IFN-B mRNA levels
were defined by qRT-PCR. (E) WT and MyD88~/~ BMMs were left uninfected or infected with WT M.th CDC1551 strain for 4, 8, and 24 h, and the IFN-B mRNA
levels were defined by qRT-PCR. (F) WT and Mavs™/- BMMs were infected with the M.tb CDC1551 strains. IFN-B protein levels in the culture supernatants were
quantified by ELISA 24 h after infection. (G) Same as in E, except BMMs were infected with the M.tb Erdman strains. (H) WT and Mavs~/~ BMMs were infected
with the WT M.tb CDC1551 strain, and the level of TNFa was measured by ELISA 24 h after infection. (1) qRT-PCR analysis for IFN-B in alveolar macrophages
isolated from M.tb-infected WT and Mavs~~ mice 2 wk after infection. For gqRT-PCR, the IFN-B mRNA levels were expressed as fold change relative to WT M.tb
(A) and BMMs (C and D) 4 h after infection or WT mice infected with WT M.tb (H). mRNA levels were normalized to GAPDH. Data are mean + SD of triplicate
wells and representative of at least three independent experiments. n.s., not statistically significant; ** P < 0.01and *** P < 0.001 by two-tailed Student’s t test.

No macrophage GAPDH mRNA was detected in the RNA after the
biotin-streptavidin purification.

M.tb stimulates a SecA2- and MAVS-dependent IFN-f expression
The presence of mycobacterial mRNAs in the cytoplasm suggest
a possible engagement of host cytosolic RNA sensors and activa-
tion of cytosolic surveillance pathways including the induction
of type I TFNs (Wu and Chen, 2014; McNab et al., 2015). We first
quantified the IFN-f transcript levels in macrophages infected
with WT and AsecA2 as well as AsecA2 complemented CDC1551
strains. As shown in Fig. 3 A, there were increased IFN-f mRNA
levels in M.tb-infected cells compared with uninfected cells at
all time points tested after infection. A relatively low level of
SecA2-independent IFN-f expression was observed in M.th-in-
fected cells at 4 h. In contrast, a significantly higherlevel of IFN-f3
transcript was observed at 8 and 24 h after infection, and this
increase was SecA2 dependent (Fig. 3 A). The SecA2 secretion
system was required for maximum IFN-B protein production as
macrophages infected for 24 h with the SecA2-deficient strain
secreted IFN-B at significantly lower levels compared with mac-
rophages infected with WT or complemented strains (Fig. 3 B).
Nevertheless, in macrophages infected with the SecA2-deficient
CDC1551, we observed increased IFN-f3 expression compared with
uninfected cells, indicating a SecA2-independent mechanism
for induction of IFN-B expression (Fig. 3, A and B). In contrast
to SecA2, the absences of EsxA resulted in a marked reduction in
IFN-B at all times after infection including 4 h (Fig. 3 C).

The above data suggest that a mycobacterial component
released through the SecA2 secretion system was important
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in stimulating IFN-B production. To determine if this compo-
nent was M.tbRNA, we evaluated whether known RNA sensors
were required for the SecA2-dependent induction of IFN-f.
Cytosolic RNA sensors are known to induce IFN- production
through the mitochondrial membrane protein MAVS (also
known as IPS-1, CARDIF, and VISA), which interacts with RNA
sensors via its caspase recuitment domain and is an essential
adaptor protein in the host cytosolic RNA sensing pathway
(Wu and Chen, 2014). Therefore, we investigated the IFN-j
expression in WT and Mavs~/~ murine BMMs infected with
WT CDC1551 M.th. As shown in Fig. 3 D, the increased IFN-§
transcriptlevels at4 h after infection were MAVS independent.
This correlated with our RNA localization data, as we failed to
detect cytoplasmic M.tb mRNA at the 4-h time point. However,
afteran 8- and 24-h infection in which we detected M.tb mRNA
in the cytosol, the induction of IFN- was significantly depen-
dent on MAVS (Fig. 3D). In contrast, IFN-B production induced
by an M.tb infection was independent of MyD88 (myeloid
differentiation primary response gene 88), a critical adaptor
protein in endosomal TLR-mediated RNA sensing pathway
(Fig. 3 E; McNab et al., 2015). To evaluate the connection be-
tween MAVS and the SecA2 secretion system, Mavs~/~ BMMs
were infected for 24 h with the AsecA2 CDC1551 as well as WT
and complemented strains, and the amount of secreted IFN-f
was quantified. As shown in Fig. 3 F, the additional loss of
MAVS function had no significant effect on IFN-f protein ex-
pression following an M.tbinfection with the AsecA2-deficient
strain, suggesting that the major effector released through
the SecA2 secretion system functions through MAVS. Similar
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by two-tailed Student’s t test.

findings were observed when we infected Mavs/~BMMs with ~Among them, RIG-I and MDA5 directly bind to MAVS via the
the AesxA and parental Erdman strains (Fig. 3 G), indicating caspase recruitment domain after activation. To determine
the ESX-1-dependent M.tb RNA release is an important driver ~ whether cytosolic M.tb RNA is recognized by one of these RNA
for MAVS-regulated IFN-B induction in M.tb-infected macro- sensors, we performed immunoprecipitation experiments
phages. The cellular response was relatively specificastheloss  using antibodies against MDA5 and RIG-I. The immunopre-
of MAVS expression had no effect on the M.tb-induced TNF-a  cipitated RIG-I and MDA5 proteins were verified by Western
expression in BMMs (Fig. 3 H). As seen in BMM culture, IFN-B  blot (Fig. 4 A). Two M.tb-specific mRNAs, polA and ppell, were
production was diminished in F4/80+ macrophages isolated coimmunoprecipitated with RIG-Ibut were not detected in the
from WT M.tb-infected Mavs~/~ mice compared with macro- MDAS pull-down (Fig. 4 B). The RT-PCR products were further
phages from infected WT mice (Fig. 3 H). Furthermore, there confirmed by DNA sequencing (data not shown).

was no significant difference in IFN- production by F4/80+ To further evaluate RIG-Is role in type I IFN production, we
macrophages isolated from WT and MAVS~/~ mice when the used siRNA to knock down RIG-I expression in BMMs and mea-
mice were infected with the AsecA2 strain (Fig. 3 1). sured IFN-B mRNA levels upon an M.tb infection. Analogous to

what was observed in Mavs~/- BMMs, we observed no difference
Mycobacterial mRNAs are recognized by the cytosolic in IFN-B expression between control oligo and RIG-IsiRNAat4 h
RNA sensor RIG-I after infection but significantly lower expression of IFN-f mRNA

There are three well-characterized cytosolic RNA sensors in  in RIG-IsiRNA-treated cells compared with controls at 8 and 24 h
nucleated cells: RIG-I, LGP2, and MDA5 (Wu and Chen, 2014).  after infection (Fig. 4 C).
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Cross-talk between STING-dependent and RIG-I/MAVS-
dependent signaling pathways contributes to the late IFN-B
expression after M.tb infection

The STING-dependent DNA sensing pathway is required for the
induction of IFN-f in macrophages during an M.tb infection
(Manzanillo et al., 2012; Collins et al., 2015; Wassermann et al.,
2015; Watson et al., 2015). To evaluate the link between the RIG-1/
MAVS-mediated production of IFN-f and that induced through
STING, we generated siRNA knockdowns for the different sen-
sors in combination and measured the levels of IFN-f transcripts
at 4 and 24 h after M.tb infection. We were able to achieve ~90%
knockdown of gene expression in the BMMs for the different
knockdowns (Fig. S3). As shown in Fig. 4 D, knockdown of RIG-I
and/or MAVS had no effect on IFN- mRNA levels at the 4-h in-
fection time point. However, knockdown of STING resulted in
a marked loss of IFN-B mRNA (Fig. 4 D). At 24 h after infection,
again STING knockdown resulted in a loss in IFN- mRNA. In
contrast to the 4-h infection, knockdown of RIG-I and/or MAVS
also resulted in a loss of IFN-f transcript at the 24-h time point
and were comparable to what was observed in the STING knock-
down (Figs. 4 D). Blocking both RIG-I/MAVS and STING had no
additional effect compared with STING alone (Figs. 4 D). At the
protein level, we observed an ~65% decrease in cytokine released
from the RIG-I and/or MAVS knockdown cells after a 24-h infec-
tion, while the decrease was slightly but significantly higher in
STING knockdown cells (Fig. 4 E). Similar to STING, the siRNA
knockdown of cGAS (Fig. S3 G), a critical cytosolic DNA sensor in
M.tb DNA-driven IFN- production in macrophages, also showed
diminished IFN- transcript levels at 4 and 24 h (Fig. 4 F) and
protein levels (Fig. 4 G) at 24 h after M.tbinfection. Furthermore,
RIG-I knockdown also had no additional effect on IFN-f in cGAS
knockdown BMMs after M.tb infection (Fig. 4 F).

Mycobacterial infection activates the RIG-I/MAVS/TBK1/IRF7
signaling pathway that drives IFN-B expression

The above data indicate that STING is essential for the early and
late IFN-B induction, while RIG-I/MAVS are functioning only at
later times after infection. However, the tie between these two
pathways was not clear. IRF3 and IRF7 are two central transcrip-
tion factors for type I IFN production in response to cytosolic
viral DNA and RNA in host cells (Honda et al., 2006; Tamura et
al., 2008; McNab et al., 2015). These two transcription factors
are phosphorylated and activated by TBK1, a downstream protein
kinase shared by STING- and MAVS-mediated signaling path-
ways (Wu and Chen, 2014). Activated IRF3 and IRF7 are trans-
located into the nucleus to drive type I IFN expression (Honda
et al., 2006). Unlike IRF3, IRF7 is not constitutively expressed
but is induced by various mediators including IFN-B (Marié et
al., 1998; Sato et al., 1998). IRF3 and IRF7 can function as homod-
imers or as heterodimers to drive IFN-B production (Honda et
al., 2006; Tamura et al., 2008). Here, we hypothesized that IRF7
expression is induced upon an M.tb infection and is important
in amplifying IFN-B production at later stages of an M.tb infec-
tion and that IRF7 activation is mediated through an M.tb RNA/
RIG-I/MAVS pathway. We first confirmed the early activation of
IRF3 and tested whether its activation was dependent on MAVS.
As shown in Fig. 5 A, IRF3 was expressed in both infected and

Cheng and Schorey
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uninfected macrophages, but its nuclear translocation was only
seen in M.tb-infected macrophages. IRF3 nuclear localization
was observed at both 4 and 24 h after infection and was inhibited
not by knockdown of MAVS (Fig. 5 A) but by STING knockdown
(Fig. 5 B), as previously shown in Sting”- BMMs (Manzanillo et
al., 2012). The protein kinase TBK1 showed increased phosphor-
ylation at Serine 172 in infected macrophages with the highest
levels observed 24 h after infection (Fig. 5 C). This phosphoryla-
tion, which results in an active TBK1, was partially dependent on
MAVS at 24 h after infection. We also evaluated IRF7 expression
and found it expressed in macrophages 24 hbut not 4 h after M.tb
infection. In contrast to IFR3, its nuclear translocation was de-
pendent on MAVS (Fig. 5 D) and RIG-I (Fig. 5 E). To determine if
IRF7 was important in the M.tb-mediated induction of IFN-f, we
used siRNA knockdown, which resulted in undetectable levels of
IRF7 in cells by Western blot (Fig. 5 F), and observed a significant
loss in IFN-B mRNA at 8 and 24 h after infection (Fig. 5 G). No
effect of IRF7 knockdown on IFN- mRNA abundance in macro-
phages was observed at 4 h after infection. The IRF7 knockdown
also resulted in an ~70% decrease in IFN-f protein production
24 h after infection (Fig. 5 H).

Host cytosolic DNA and RNA sensing pathways

synergistically contribute to the IFN-f expression in M.tb-
infected macrophages

Previous studies have shown IRF7 expression during a viral
infection to be regulated by an early production of IFN-f via a
positive-feedback loop (Honda et al., 2006). To test if STING-de-
pendent early IFN-B induction has a similar role during M.tb
infection, we first measured IRF7 expression by Western blot in
uninfected and M.tb-infected BMMs that were pretreated with
control siRNA or siRNA to STING. As shown in Fig. 6 A, IRF7 ex-
pression was observed 24 h after infection and blocked in STING
knockdown BMMs. This STING-dependent induction of IRF7
could be overcome by the addition of exogenous IFN-f to the in-
fected macrophages (Fig. 6 A), suggesting an IFN-f autocrine-de-
pendent IRF7 expression. However, exogenous IFN-f alone, at the
concentrations used, failed to induce IRF7 production in unin-
fected BMMs. Additional studies indicated that IRF7 induction by
IFN-B was dose dependent with a higher concentration of IFN-8
required to induce IRF7 expression in uninfected compared with
infected BMMs (Fig. S4 A). To further confirm the requirement
for IFN-B in inducing IRF7 expression in M.tb-infected BMMs,
the IFN- signaling pathway was blocked using an IFNAR1-block-
ing antibody, which, when added to infected cells, resulted in the
loss of IRF7 expression (Fig. 6 B).

To determine if the IFN-f released during the early stages of
an M.tb infection serves as an autocrine signal to promote the
late IFN-B production in macrophages, BMMs were treated with
the blocking antibody specific to IFNARI at different time points
after infection. Blocking the IFN-f signaling pathway at the start
or 4 h after infection resulted in a significant decrease in IFN-f3
transcription induced by all three WT M.tb strains (Fig. 6 C).
However, IFNARI1-blocking antibody had no effect when added
at 8 h after infection, suggesting that a STING-dependent early
production of IFN- is required for the subsequent IRF7-medi-
ated IFN- transcription (Fig. 6 C). Similar results were found for
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IFN-B protein production by M.tb-infected BMMs treated with
the IFNARI-blocking antibody (Fig. 6 D).

The experiments described above suggest that the STING-de-
pendent production of IFN-B by M.tb-infected macrophages
could be bypassed by the addition of exogenous IFN-B. As
shown in Fig. 6 E, the addition of IFN-f to M.tb-infected STING
knockdown BMMs rescued the IFN-f transcript levels to what
was observed in control siRNA-treated and M.tb-infected cells.
However, exogenous IFN-f failed to rescue the IFN-f response
in RIG-I or MAVS knockdown BMMs infected with WT M.tb. Fur-
ther, addition of exogenous IFN-B had no visible effect on IFN-f3
mRNA production in IRF7 knockdown BMMs infected with WT
M.tb (Fig. S4 B). Similar results were observed at the protein
level (Fig. 6 F and Fig. S4 C). Addition of exogenous IFN-B signifi-
cantly increased IFN- mRNA expression in M.tb-infected STING
knockdown cells but not RIG-I, MAVS, or IRF7 knockdown cells.
This functional rescue was specific to the IFN-f receptor-medi-
ated signaling pathway as the addition of the IFNARI blocking
antibody prevented the IFN-B production observed in STING
knockdown cells primed with IFN-B (Fig. S4, D and E). Together,
these results indicate that the initial IFN-B produced upon an
M.tb infection is STING dependent. This early production of
IFN-B works in an autocrine manner through its receptor IFNAR
to stimulate IRF7 production, which is subsequently activated in
aRIG-I/MAVS-dependent manner to significantly amplify IFN-f
production in M.tb-infected host cells.

Host cytosolic RNA sensing pathway is required for in vivo
IFN-B production and M.tb pathogenesis in mice

To address the importance of the RNA sensing pathway in the
immune response to an M.th infection, we infected Mavs™/~ and
congenic C57BL/6 mice using a low-dose aerosol route. The gross

Cheng and Schorey
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morphological and histopathological analysis indicates that at 4
wk after infection, there was an increased cellular infiltration
within the lungs of WT infected mice when compared with in-
fected Mavs™/~ (Fig. 7, A and B). In addition, the spleens of in-
fected Mavs /- were enlarged relative to WT at 4 and 8 wk after
infection (Fig. 7 A). Interestingly, Mavs~/~ mice showed a signif-
icant increase in survival after a low-dose aerosol M.tb infection
in comparison with WT C57BL/6 mice (Fig. 7 C). In addition, bac-
terial burden in the lung was significantly lower in Mavs’/~ mice
at 4 and 8 wk after infection compared with WT mice, while the
spleens were statistically different only after 8 wk (Fig. 7, D and
E). We evaluated the cytokine response by measuring the pres-
ence of IFN-, IL-18, TNF-a, and IFN-y in serum of M.tb-infected
Mavs ™/~ and WT mice after infection (Fig. 7, F-I). Consistent with
the in vitro study using Mavs~/- BMMs, decreased IFN-f produc-
tion was observed in the serum of M.tb-infected Mavs~/~ com-
pared with infected WT mice at all time points (Fig. 7 F). Elevated
production of IL-1B and TNF-a was observed in the serum of WT
mice 8 wk after infection, but this may be a consequence of a
higher bacterial burden in WT infected mice (Fig. 7, G and H). In
contrast, IFN-y production was higher in the serum of M.tb-in-
fected Mavs~/~ mice but only at the 4-wk time point (Fig. 71I).

Discussion

The importance of bacterial RNA as an inducer of a host immune
response remains relatively undefined. Most of the studies have
focused on purified bacterial RNA and transfection of target cells
to evaluate their roles (Eberle et al., 2009; Mancuso et al., 2009;
Eigenbrod et al., 2012; Li and Chen, 2012; Oldenburg et al., 2012;
Cervantes et al., 2013; Eigenbrod and Dalpke, 2015; Fieber et al.,
2015). Koski et al. demonstrated that human dendritic cells (DCs)
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transfected with bacterial RNA but not eukaryotic RNA induce
high levels of IL-12 (Koski et al., 2004), and more recent studies
showed that group B Streptococcus RNA can induce IFN-f pro-
duction in mouse DCs through TLR7 (Eberle et al., 2009; Mancuso
etal., 2009). Obregén-Henao et al. found small-molecular weight
RNA, present in the M.tb culture filtrate, which could stimulate
human monocyte apoptosis in a caspase-8-dependent pathway
(Obregén-Henao et al., 2012). However, few studies have focused
on the contribution of RNA during a live bacterial infection. A
recent publication by Fieber et al. has identified a role for TLR13
in TNF and IL-6 production by murine DCs upon a Streptococcus
pyogenes infection (Li and Chen, 2012; Fieber et al., 2015). Our

Cheng and Schorey
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n.s., not statistically significant; ** P < 0.01 by two-tailed Student’s ¢ test.

studies identified M.tb RNA in exosomes released from infected
murine macrophages (Singh et al., 2015) suggesting that M.tb
RNA isreleased during an active macrophage infection. The pres-
ences of extracellular RNA could stem from bacterial lysis and/
or active transport. Our bacterial culture studies, however, using
DsRed-expressing BCG and M.tb suggest a selectivity for which
RNA species are released, although we cannot rule out that some
of the extracellular RNA is due to cell lysis, particularly within
an infected macrophage.

Extracellular release of bacterial DNA through the type IV
secretion system has been well studied (Christie et al., 2014);
however, little is known about mechanisms of RNA release.
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statistically significant; for D-I (n = 3 per group), * P < 0.05 and ** P < 0.01 by Mann-Whitney U test.

Studies with L. monocytogenes identified that bacterial RNA
was released into bacterial culture supernatant in a SecA2-de-
pendent way (Abdullah et al., 2012). Our study found M.tb RNA
in the cytosol of infected macrophages, and this localization re-
quired both the bacterial SecA2 and Esx-1 secretion systems. Our
studies support a role for SecA2 in the release of the M.th RNA
from the bacteria and Esx-1 for the release of the RNA into the
cytosol. The SecA2 secretion system is found in a limited num-
ber of gram-positive bacteria including Listeria, Staphylococcus
aureus, Streptococcus gordonii, and all tested mycobacterial
species (Rigel and Braunstein, 2008). Although not required for
bacterial survival and growth in culture media, the SecA2 M.tb
mutant is attenuated in both cultured macrophages and mice due
in part to the SecA2-dependent release of proteins involved in
inhibiting phagosome maturation (Kurtz et al., 2006; Sullivan et
al., 2012). The M.tb RNA-mediated production of IFN-f and Se-
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cA2’s involvement in the release of M.tbRNA during an infection
may also play into SecA2’s role in virulence. How SecA2 medi-
ates the transport of bacterial RNA through the M.tb cytoplas-
mic membrane and whether there is selectivity and regulation
of this process is presently unknown. One possible mechanism
involves RNA-binding proteins with chaperon-like function that
capture and assist bacterial RNA transport via the SecA2 system
(Miller et al., 2017). Interestingly, we did not see a SecA2-depen-
dent release of M.tb DNA again, suggesting some specificity in
binding/transport.

The secA2-deficient M.tb provides an excellent model to
address the role of bacterial RNA in the innate immune re-
sponse during an infection. We measured IFN-f production in
host cells infected with secA2-deficient M.tb as well as WT and
complemented CDC1551 strains. Although the initial produc-
tion of IFN-P was not SecA2 dependent, the overall expression
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Figure 8. Cross-talk between the host DNA and RNA signaling pathways contributes to an M.tb-induced IFN-B production in macrophages.

of IFN-B was significantly decreased in cells infected with the
AsecA2 CDC1551 when measured 24 h after infection. This stim-
ulation was M.tb RNA dependent as both RIG-I and MAVS, two
well-known proteins involved in the host RNA sensing pathway,
were required for this SecA2-dependent induction of IFN-{, and
RIG-I directly recognized cytosolic M.tb mRNA. As observed
with the SecA2-deficient CDC1551, the early induction of IFN-8
production was not dependent on RIG-I or MAVS, analogous to
the previous study which demonstrated a MAVS-independent
IFN-B production at 3 h after infection (Manzanillo et al., 2012).
Moreover, our studies as well as previous work demonstrate
a requirement for the STING-dependent DNA sensing path-
way in stimulating IFN-B production during an M.tb infection
(Manzanillo et al., 2012; Collins et al., 2015; Dey et al., 2015;
Wassermann et al., 2015; Watson et al., 2015). In these studies,
activation of STING was found to be induced either by M.tb DNA
or through M.tb c-di-AMP. Our current study shows that during
an M.tb infection, IFN-B production is regulated via a mecha-
nism involving both cytosolic DNA and RNA sensing pathways
(Fig. 8). M.tb c-di-AMP appears to play a minimal role in our
study as we observed a similar dependence on both ¢cGAS and
STING for induction of IFN-B upon an M.tb infection. The ini-
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tial cGAS- and STING-dependent IFN-f production following
an M.tb infection functions through autocrine binding to INF
AR to induce expression of IRF7. IRF7, which is known to bind
to the IFN-B promoter either as a homodimer or a heterodimer
with IRF3 (Honda and Taniguchi, 2006), is subsequently acti-
vated in a RIG-I/MAVS/TBK1-dependent pathway to markedly
enhance IFN-f production. Overall, the cGAS/STING-dependent
DNA sensing pathway activated by M.tb DNA is critical for the
type I IFN production during the course of M.tb infection, and
the RIG-I/MAVS-dependent RNA sensing pathway participates
at later times after infection as a second essential factor to ini-
tiate a robust production of type I IFNs in host cells. The M.tb
DNA abundance and cGAMP levels in host cells decline over time
during M.tb infection (Fig. 1 G; Collins et al., 2015), suggesting
that cGAS may not promote IFN-f production at later times after
infection. However, it is clearly required for the initial IFN-f3
production, which, as indicated above, is required for driving
IRF7 expression and subsequent IFN-f production.

A dose-dependent response to IFN-f indicates that both in-
fected and uninfected BMMs produce IRF7, although infected
cells are stimulated to produce IRF7 at a lower concentration
of IFN-B relative to uninfected cells. This suggests that engage-
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ment of other PRRs during an M.tb infection provides some co-
stimulation, although which signaling pathways are involved
is presently unclear. Both MAVS and STING are known to ac-
tivate the kinase TBK1, which subsequently phosphorylates
and activates the transcription factors IRF3 and IRF7 (McNab
etal., 2015). However, the TBK1 activated by MAVS and STING
may be spatially separated as previous studies using HEK293T
cells and Sendai virus infection have shown that stable com-
plexes are formed between STING, TBK1, and IRF3 as well as
MAVS, TBK1, and IRF3 (Tanaka and Chen, 2012; Liu et al., 2015).
These studies suggest that the activated forms of STING and
MAUVS function as scaffolds to recruit TBKI and IRF3 and po-
tentially IRF7 into a complex. Our results showed a diminished
TBK1 activation in the MAVS knockdown BMMs, resulting in
an undetectable IRF7 but no change in IRF3 nuclear localiza-
tion. These results support a spatial separation of STING and
MAUVS activation of TBK1 and its phosphorylation of IRF3 and
IRF7, respectively. However, confirmation of this hypothesis
awaits further study.

The RIG-I/MAVS-dependent RNA signaling is required for
immunity against a number of viral pathogens (Kumar et al.,
2006; Sun et al., 2006). However, its importance in antibacterial
immunity remains to be elucidated (Li et al., 2011). Our infec-
tion studies using Mavs~/~ mice support a role for mycobacte-
rial RNA in driving a host immune response, including IFN-f
production, in vivo. Surprisingly, unlike the findings in cGAS~~
and STINGS"¢! mice (Collins et al., 2015; Watson et al., 2015),
M.tb growth is significantly attenuated in Mavs/~ mice over
time, as was observed in the Irf3~/~ mice, partially supporting
the hypothesis that type I IFN functions as a negative regula-
tor during an M.th infection (Manzanillo et al., 2012; McNab et
al., 2015). Although cGAS and STING are crucial for the IFN-8
production during an M.tb infection, they also contribute to
other host cellular responses including autophagy and inflam-
masome activation that restrict M.tb survival. Diminished in-
flammasome activation associated with loss of cGAS and STING
expression may mask the positive effect on host immunity as-
sociated with lower type I IFN production in these knockout
mice (Wassermann et al., 2015; Watson et al., 2015). Besides the
type I IFNs, other host factors driven by the MAVS activation
might also play a role in the immune response during an M.tb
infection. Interestingly, Mavs~/- mice show an increased level
of IFN-y in the serum of M.tb-infected mice, which might also
contribute to the diminished bacterial load in the lung. Previous
studies in Mycobacterium leprae indicate that IFN-y produc-
tion was preferentially expressed in self-healing tuberculoid
lesions, while IFN-B and IL-10 were preferentially expressed
in progressive lepromatous lesions (Teles et al., 2013). This
study also showed that IFN- and IL-10 inhibited the antimi-
crobial peptide response normally induced in macrophages
upon IFN-y stimulation. Our data support the hypothesis that
differential production of IFNs may play a role in mycobacte-
rial pathogenesis.

In summary, our studies indicate a role for M.tb RNA in driv-
ing an immune response and support a role for bacterial RNA
as an important factor in the host recognition of a bacterial
infection. Future studies will need to address the relative im-
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portance of this foreign RNA-driven immunity during an M.tb
infection, particularly in the context of a human infection, as
well as gain a better understanding of the mechanism by which
RNA is released from the mycobacteria and whether other bac-
terial secretion systems are capable of transporting RNA across
their cell membrane.

Materials and methods

Mice

Mavs ™/~ mice on a C57BL/6 background were obtained as a gener-
ous gift from Dr. Stanley Perlman (University of Iowa, Iowa City,
IA; Suthar et al., 2012; Zhao et al., 2016). WT C57BL/6 mice were
originally purchased from Jackson Laboratories and bred at the
University of Notre Dame. Breeding and housing of all mice used
for these experiments took place within the institutional animal
facility under specific pathogen-free conditions. The M.tb infec-
tion was performed in the biosafety level 3 laboratory. The Uni-
versity of Notre Dame is accredited through the Animal Welfare
Assurance (A3093-01). All animal experiments were approved
by the Institutional Animal Care and Use Committees of Univer-
sity of Notre Dame.

Bacterial strains

All M.tb Erdman strains were the kind gifts of Dr. Patricia
Champion (University of Notre Dame, Notre Dame, IN). WT
M.tb CDC1551 was ordered from BEI Resources. The M.tb secA2
(MT1869) transposon insertion mutant strain (position of in-
sertion: 1352) was from the Tuberculosis Animal Research and
Gene Evaluation Taskforce. Before infection of macrophages,
all M.tb strains were grown in MiddleBrook 7H9 broth (cat.
271310; BD) supplemented with 10% (vol/vol) Middlebrook
oleic acid-albumin-dextrose-catalase (OADC; cat. 211886; BD)
and 0.2% glycerol until midexponential phase, and washed
three times with complete medium for BMMs or Raw264.7
cell when required.

Cell culture

BMMs were isolated from WT C57BL/6, Mavs /-, or MyD88~/~
mice (female, 6-8 wk) as described previously (Roach and
Schorey, 2002), and cells were grown in DMEM (D7777; Sig-
ma-Aldrich) supplemented with 10% (vol/vol) heat-inactivated
FBS (SH30910.03; Hyclone), 20% L929 cell-conditional medium
as a source of macrophage colony-stimulating factor, and 100 U/
ml penicillin and 100 U/ml streptomycin (SV30010; HyClone)
at 37°C and 5% CO,. The Raw264.7 cells were cultured in DMEM
supplemented with 10% (vol/vol) heat-inactivated FBS.

siRNA transfection

Mouse BMMs (3 x 10° cells per well) were transfected with
siRNA oligos (25 pmol/3 x 10° cells) listed in Table SI in 24-
well plates using Lipofectamine 2000 (cat. 11668-027; Invitro-
gen) following the manufacturer’s protocol in BMM complete
medium for 24 h at 37°C and 5% CO,. AllStars Negative Con-
trol siRNA (cat. 1027280; Qiagen) was used as a negative con-
trol. During M.tb infection, siRNAs were always included in
the cell culture.
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Generation of AsecA2 complementary strain

To rescue M.tb CDC1551 secA2-inactivated mutant, the SecA2-en-
coding gene, MTI869, was cloned into an integrative vector
pMH406-hyg, a generous gift from Dr. Patricia Champion (Uni-
versity of Notre Dame, Notre Dame, IN). Briefly, a 2,456-bp DNA
fragment covering the secA2 open reading frame was amplified
using two phosphorylated primers, forward (5-CTGCAGAAT
TCAGGAGTCCAGCGTGAACGTGCACGGTTGTCC-3') and reverse
(5'-GCGTTAACTCAGCGGAACACCCCGGG-3'; Table S1); Phusion
high-fidelity DNA polymerase (M0530; NEB); and M.th CDC1551
genomic DNA as the template. The vector pMH406-hyg was di-
gested with restriction endonuclease Pvull and Hpal (NEB), and
the blunt ends were dephosphorylated with Shrimp Alkaline
Phosphatase (M0371; NEB). The PCR products were purified
using Qiagen PCR Purification Kit (cat. 28104; Qiagen) follow-
ing the manufacturer’s protocol and then cloned into the linear-
ized and dephosphorylated pMH406-hyg. The resulting plasmid
named as pMH406-sA2 was verified by digestion with restriction
endonuclease Pvull and Hpal, confirmed by DNA sequencing,
and finally transformed into the AsecA2 strain of M.tb by elec-
trotransformation as described previously (Larsen et al., 2007).
The positive M.tb colonies were selected on Middlebrook 7H10
agar plates (cat. M199; HiMedia Laboratories) supplemented
with 0.5% glycerol, 10% OADC, 50 pg/ml of hygromycin, and 20
pg/ml of kanamycin at 37°C. Three independent colonies were
picked and confirmed by PCR using secA2-specific primers and
Western blot of PhoS1 (data not shown), one substrate of the
SecA2 secretion system (Feltcher et al., 2015).

Survival assay of M.tb strains in macrophages

The BMMs were infected with M.tb CDC1551 strains at a multi-
plicity of infection (MOI) of 10 for 1 h, and cells were washed with
complete BMM medium as described above. Cells were incubated
for another 1, 5, and 24 h at 37°C and 5% CO, and subsequently
washed with precold PBS three times and lysed in 0.05% SDS. A
series of dilution of cell lysates in PBS (1x) were added onto 7H11
agar plates (cat. 7244A; Acumedia) supplemented with 10% (vol/
vol) OADC and 0.2% glycerol. Plates were incubated at 37°C for
3-4 wk until counting.

RNA purification

To determine M.th secreted/released RNAs (seRNAs) in myco-
bacterial culture supernatant, M.tb strains were recovered from
frozen stocks at -80°C and grown in 7H9 broth supplemented
with 10% (vol/vol) OADC until midexponential phase. 1 ml of
mycobacterial culture was centrifuged at 2,000 rpm for 5 min at
room temperature (RT) and washed with 7H9 broth three times
before inoculation into a fresh 100-ml complete 7H9 liquid me-
dium and grown until midexponential phase. The mycobacteria
were inoculated into fresh media twice to minimize the presence
of any dead bacteria. The M.tb cultures were spun at 2,000 rpm
for 10 min at RT. The M.tb pellets were washed with TE buffer
(10 mM Tris-HCl [pH 8.0], 1 mM EDTA) three times. Cells were
disrupted using a beadbeater, and total cellular RNAs were puri-
fied using Qiagen RNeasy Plus Mini Kit. For seRNAs, M.tb culture
supernatant from previous centrifugation was passed through a
0.2-micron filter (cat. 28145-501; VWR), followed by an ultracen-
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trifugation at 100,000 xg for 2 h at 4°C. The resulting superna-
tant was mixed with 0.1 volume of NH,OAc (5 M) and one volume
of precold isopropanol and incubated at -70°C for 30 min. The
RNAs were spun down at 14,000 xg for 15 min at 4°C. The RNA
pellets were resuspended in Buffer RLT Plus and further purified
using Qiagen RNeasy Plus Mini Kit. To analyze M.tb transcripts
in the cytosol of infected macrophages, Raw264.7 cells were in-
fected with various M.tb strains, and cytosolic RNA was isolated
as described in Purification of EU-labeled M.tb RNAs from in-
fected host cells. Total cellular RNA was purified from infected
cells with Qiagen RNeasy Plus Mini Kit. To measure IFN-f3 ex-
pression level in BMMs, cells were infected with M.tb strains at
a MOI of 10 for various times as indicated. Total cell RNA was
purified using Qiagen RNeasy Plus Mini Kit.

Forisolation of RNA released from M.tb, phagosome-enriched
material was isolated from M.tb-infected Raw264.7 cells 24 h
after infection (MOI = 10), as described previously (Beatty et al.,
2002). Briefly, cells were resuspended in homogenization buf-
fer (20 mM Hepes [pH 7.4], 250 mM sucrose, 10 mM KCl, 2 mM
MgCl,, and 1 mM EDTA) plus RNase Inhibitor (1 U/pl) and dis-
rupted by multiple passage through a 3-ml syringe with a 25 G
needle. Cell lysate was centrifuged at 300 xgfor 10 min at 4°C and
two subsequent postnuclear spins at 100 xg for 10 min at 4°C. The
resulting supernatant was added onto a step gradient of 50 and
12% sucrose and spun at 800 xg for 45 min at 4°C. The 12%/50%
interface was isolated, diluted 1:2 in homogenization buffer, lay-
ered on 10% Ficoll 70,000/150 mM sucrose, and centrifuged at
1,300 xg for 45 min at 4°C. The pellet was resuspended in ho-
mogenization buffer and layered on 12% Ficoll 400,000/150 mM
sucrose, and spun at 1,500 xg for 45 min at 4°C. The resulting
pellet containing phagosomes was gently lysed in the lysis buffer
(10 mM Hepes [pH 7.8], 10 mM KCl, 2 mM MgCl,, 0.1 mM EDTA,
and 0.5% NP-40) containing RNase inhibitor (1 U/pl) in ice for
10-15 min, which differentially disrupted phagosome membrane
but not M.tb cell wall. The lysates were centrifuged at 1,200 xg for
10 min at 4°C to pellet M.tb. The RNA in supernatant was purified
as M.tb seRNAs using Qiagen RNeasy Plus Mini Kit, and RNA in
M.tb pellet (total cellular RNA) was purified as described above.

qRT-PCR
The RNAs were first treated with DNase I (cat. 18068015; Invitro-
gen) following the manufacturer’s protocol. For M.thseRNAs and
cytosolic RNAs, cDNA was synthesized with avian myeloblastosis
virus (AMV) reverse transcription (M0277; NEB) and one of the
M.tb gene-specific primers as listed in Table S1. For IFN-f analy-
sis, cDNA was synthesized using AMV reverse transcription and
Oligo(dT),, primer. Quantitative PCR using PerfeCTa SYBR Green
SuperMix (cat. 95054; Quantabio) and the primers listed in Table
S1 was performed on StepOnePlus Real-Time PCR System (Ap-
plied Biosystems).

Isolation of bacterial culture supernatant and host

cytosolic DNA and PCR

For M.tb culture supernatant DNA isolation, M.tb was grown and
culture supernatant was prepared as described above for M.tb
seRNAs isolation. The DNA was precipitated with 100% ethanol
(three volumes) and sodium acetate (3 M, pH 5.2, 0.1 volume) at
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RT for 30 min and further extracted in phenol-chloroform. Fi-
nally, extracellular DNA was precipitated again using 100% eth-
anol and sodium acetate. For host cytosolic DNA, Raw264.7 cells
were infected with M.tb CDC1551 strains at an MOI of 10 for 4, 8,
and 24 h at 37°C and 5% CO,. Cytosolic fraction of infected cells
was prepared as described in Purification of EU-labeled M.tb
RNAs from infected host cells, and extracted with one volume
of phenol/chloroform/isoamyl alcohol (pH 6.6; FisherBiotech).
Cytosolic DNA was precipitated by adding 0.1 volume of NaOAc
(3 M, pH 5.5) and two volumes of 100% ethanol. To determine
the level of M.tb DNA fragments, isolated DNA was treated with
RNase A (cat. 12091021; Invitrogen) and then served as the tem-
plate in PCR mix using GoTaq Green Master Mix and M.tb-spe-
cific primers described previously (Watson et al., 2015).

Purification of EU-labeled M.tb RNAs from infected host cells
The M.tb RNA was labeled and isolated using Click-iT Nascent
RNA Capture Kit (C10365; Life Technologies) following the man-
ufacturer’s instruction. Briefly, M.tb strains were labeled in 7H9
broth supplemented with 10% (vol/vol) OADC in the presence of
EU (0.2 mM) for 24 h at 37°C. Labeled bacterial cells were washed
with complete DMEM three times to remove extracellular EU. The
Raw264.7 cells were infected with labeled M.tb strains ata MOI of
10 for 24 h at 37°C. Total cellular RNA was isolated from infected
cells using Qiagen RNeasy Mini Kit (cat. 74136; Qiagen), and cyto-
solic RNA from cytosolic fraction by ethanol precipitation. For cy-
tosolic RNA, cells were washed with precold PBS three times and
then resuspended in lysis buffer (20 mM Hepes [pH 7.4], 250 mM
sucrose, 10 mM KCl, 2 mM MgCl,, and 1 mM EDTA) plus RNase
inhibitor (M0314; NEB) and disrupted with a syringe and 27 G
needle by 25 strikes. Cell lysates were then centrifuged at 350 xg
for 5 min at 4°C and subsequently at 12,000 xg for 10 min at 4°C,
to remove cell debris and undisrupted cells. The supernatant was
passed through a 0.2-micron filter and centrifuged at 100,000 xg
for 2 h at 4°C. One volume of Acid-Phenol:Chloroform (pH 4.5;
cat. AM9720; Ambion) was added into the resulting supernatant,
vortexed for 30-60 s, and centrifuged at 12,000 xg for 5 min at
4°C to remove proteins and DNA. Aqueous phase was transferred
into a new tube and mixed with 0.1 volume of 3 M NaOAc (pH 5.0)
and three volumes of ice cold 100% ethanol. RNA was precipi-
tated at -20°C for 1 h and centrifuged at 14,000 xg for 30 min at
4°C. The RNA pellet was washed with 0.5 ml ice cold 70% ethanol
three times and resuspended in 100 pl nuclease-free water. The
EU-labeled M.tb RNA was purified from prepared total cellular
RNA and cytosolic RNA following the manufacturer’s protocol.
Captured RNA was eluted from Dynabeads MyOne Streptavidin
T1 magnetic beads in 20 pl of elution buffer (10 mM EDTA [pH
8.2] and 95% formamide) at 65°C for 2 min. Eluted solution was
then mixed with two volumes (40 ul) of RNase-free water, 0.1
volume of 3 M NaOAc, and four volumes (240 pl) of 100% EtOH
and incubated at -70 for 1h. RNA was centrifuged at 14,000 xg for
30 min at 4°C and washed with 0.5 mlice cold 70% ethanol three
times and resuspended in 20 pl nuclease-free water.

Coimmunoprecipitation
The Raw264.7 cells were infected with WT M.tb CDC1551 at a MOIL
of 10 for 24 h at 37°C and then washed with precold PBS (1x) three
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times. Cells were lysed in NP-40 lysis buffer (50 mM Hepes [pH
7.4],10 mM NaCl, 3 mM MgCl,, 0.5% NP-40, and 0.5 mM dithio-
threitol) with 1 U/pl RNase inhibitor (M0314; NEB) in ice for 30
min. The cell lysates were centrifuged at 12,000 xg, 5 min, 4°C,
and supernatant was used for immunoprecipitation. Protein A/G
PLUS-agarose beads (20 pl; SC-2003; Santa Cruz Biotech) were
washed with NP-40 lysis buffer three times and incubated with
RIG-I (cat. 3743; Cell Signaling Technology) and MDA-5 (cat. 5321;
Cell Signaling Technology) monoclonal antibodies overnight at
4°C with gentle rolling. Antibody-conjugated beads were incu-
bated with prepared cell lysates for 5 h at 4°C with gentle rolling
in the presence of 1 U/ul RNase inhibitor. Beads were washed
with NP-40 lysis buffer three times and treated with proteinase K
(cat. 97062-238; VWR) at 50°C for 30 min. Proteins were removed
by Acid-Phenol:Chloroform (pH 4.5) extraction. The RNA was
precipitated by adding 0.1 volume of 3 M NaOAC and one volume
of precold isopropanol and resuspended in nuclease-free water
as described above. Purified RNA was used for RT-PCR analysis.
Before Acid-Phenol:Chloroform extraction, an aliquot of samples
were stored for Western blot analysis. For RT-PCR, RNAs were
treated with DNase I (cat. 18068015; Invitrogen), and cDNA were
synthesized using AMV reverse transcription (M0277; NEB). PCR
was performed with GoTaq Green Master Mix (M712B; Promega)
and primers listed in Table S1.

Whole-cell lysates (WCLs) and nuclear fraction preparation
The siRNA-treated BMMs were infected for 4 or 24 h with the
indicated M.tb strains at a MOI of 10 and washed with precold
PBS three times. WCLs were prepared by adding WCLlysis buffer
(50 mM Tris-HCl [pH 8.0], 150 mM NaCl, and 1.0% Triton X-100)
containing 1x protease inhibitor cocktail (P8340; Sigma-Aldrich)
and incubated in ice for 30 min. Nuclear fraction was prepared
as described previously (Flaherty et al., 2002). Briefly, cells were
washed in precold PBS three times and with lysis buffer (10 mM
Hepes [pH 7.8],10 mM KCl, 2 mM MgCl,, and 0.1 mM EDTA) once.
Cell pellets were then resuspended in 500 pl of lysis buffer con-
taining 1x protease inhibitor cocktail and incubated in ice for 15
min, and then 25 pl of 10% NP-40 was added and mixed thor-
oughly. Cell lysates were centrifuged at 1,200 xg for 10 min at
4°C. The pellets (nuclear fraction) were washed with lysis buffer
three times and resuspended in WCL lysis buffer and incubated
in ice for 30 min before adding SDS-loading buffer (5x).

Immunoblotting

For Western blot analysis, prepared WCL and nuclear fraction
were denatured at 95°C for 10 min, separated by 12.5% SDS-PAGE
gel. Proteins were transferred onto nitrocellulose membranes
and blotted with rabbit anti-IRF3 (cat. A303-384A; Bethyl Lab-
oratories Inc.), anti-IRF7 (cat. 3941; Prosci Inc.), anti-TBKI (cat.
3504; Cell Signaling Technology), anti-phospho-TBK1 (Serl72;
cat. 5483; Cell Signaling Technology), anti-RIG-I (cat. 3743; Cell
Signaling Technology), anti-MDA-5 (cat. 5321; Cell Signaling
Technology), anti-cGAS (cat. Sc-515777; SCBT), anti-B-actin (cat.
4970; Cell Signaling Technology), anti-MAVS (cat. Sc-365333;
SCBT), anti-STING (cat. NBP2-24683SS), and anti-histone H3
(cat. 9717; Cell Signaling Technology) antibodies, followed by
goat anti-rabbit IgG-HRP (cat. 31460; Thermo Scientific).
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For M.tb culture supernatant proteins, M.tb strains were
grown in Sauton’sliquid medium until midexponential phase, and
culture supernatant fraction was prepared from 50 ml bacterial
culture as described previously (Reyna et al., 2016). 10 ug of sam-
ple wasloaded into 12% SDS-PAGE gel, and M.tb RNA polymerase
subunit B (RNAP-B) and EsxB (CFP-10) proteins were probed
using mouse anti-RNAP-f antibody (ab12087; Abcam) and rab-
bit anti-EsxB antibody (NR-13801; BEI Resources), respectively.

IFNAR blocking and stimulating assays

For receptor blocking assay, siRNA-treated BMIMs were infected
with WT M.tb strains at an MOI of 10, and IFNAR1 blocking anti-
body (cat. 127303; BioLegend) was added into the cell culture at
a final concentration of 2 pug/ml at 0, 4, and 8 h after infection.
Mouse IgGl isotype (cat. 401403; BioLegend) served as a nega-
tive control. For receptor stimulating assay, recombinant mouse
IFN-B (cat. 8234-MB-010; R&D Systems) was added at the begin-
ning of M.tbinfection into the cell culture media at the final con-
centration indicated. The IFN-f expression level was determined
by RT-qPCR and ELISA at 24 h after infection.

Mouse infection and survival assay

Mavs~~ and WT C57BL/6 mice (8-10 wk old, female) were aero-
sol-infected with WT M.tb (CDC1551) to a dose of ~1,000 CFUs
in the lung, using a Glas-Col Inhalation Exposure System (Glas-
Col) as described previously (Cheng and Schorey, 2013). The M.tb
input in the lung of mice was determined at day 1. 4 and 8 wk
after infection, mouse serum was harvested via cardiac puncture
and prepared using BD Microtainer Serum Separator Tube. Addi-
tionally, mouse lungs and spleens were harvested, homogenized,
and plated onto Middlebrook 7HI11 agar plates, and mycobacte-
rial colonies were counted after 3-4 wk of incubation at 37°C
and expressed as log;o CFUs per organ. For pathological analysis,
mouse lung sections were prepared and stained with H&E at the
Histology Core Facility of University of Notre Dame, and histo-
pathological score was evaluated as described previously (Cheng
and Schorey, 2013). For mouse survival experiment, Mavs /- and
WT C57BL/6 mice were infected as described above, and the se-
verity of clinical signs was monitored. Morbid mice were killed
according to Institutional Animal Care and Use Committees pro-
tocol and counted as a data point the day of sacrifice.

Alveolar macrophage isolation

Mice were infected with M.tb strains as described above, and
mouse bronchoalveolar lavage was prepared as described previ-
ously (Gonzalez-Juarrero et al., 2003). Alveolar macrophages in
bronchoalveolar lavage were further purified using Dynabeads
Protein G (cat. 10003D; Invitrogen) conjugated with anti-mouse
F4/80 antibody (cat. 123102; BioLegend). Cytosolic RNA and total
cellular RNA were purified as described above.

ELISA

Macrophage culture supernatants were used to measure IFN-f and
TNFa level at 24 h after M.th infection. Culture supernatants were
centrifuged at 1,000 xg for 10 min at 4°C and subsequently passed
through 0.2-micron filter two times. The ELISA was performed
according to the manufacturer’s protocol (eBioscience) using Avi-
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din-HRP (cat. 18-4100-94; eBioscience) and TMB (cat. 00-4201-56;
eBioscience). For TNFa, capture antibody (cat. 14-7341-85; eBiosci-
ence), detection antibody (cat. 13-7341-85; ebioscience), and TNFa
standard (cat. 39-8321-60; eBioscience) were used. For IFN-B, cap-
ture antibody (purified anti-mouse IFN-B antibody, cat. 519202;
BioLegend), detection antibody (biotin anti-mouse IFN-B antibody,
cat. 508105; BioLegend), and IFN-f3 standard (cat. 581309; BioLeg-
end) were used. Mouse IFN-y and IL-1B were measured using IFN
gamma (cat. 88-7314-22; eBioscience) and IL-1 8 (cat. 88-7013-22;
eBioscience) mouse ELISA kit, respectively.

Statistical analysis

Statistical analysis was performed to determine differences be-
tween groups by two-tailed paired Student’s t tests, Mann-Whit-
ney U test, or Kaplan-Meier survival analysis using GraphPad
Prism software (version 5.04). A P value < 0.05 was consid-
ered significant.

Online supplemental material

In Fig. S1, we show that M.tb releases mycobacterial but not
DsRed transcripts into the bacterial culture supernatant. In Fig.
S2, we demonstrate that the ESX-1secretion system is important
for delivery of mycobacterial mRNAs into the macrophage cyto-
sol but not into the culture supernatant. In Fig. S3, we character-
ized the efficiency of the siRNA-mediated knockdown of MAVS,
STING, RIG-I, and IRF7 in mouse BMMs. In Fig. S4, we show that
addition of exogenous IFN-B to M.tb-infected macrophages did
not rescue IFN-B production in IRF7 knockdown cells. Table S1
shows primer and siRNA sequences.
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