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Cytoplasmic RNA Sensor Pathways

Cell

and Nitazoxanide Broadly Inhibit Intracellular

Mycobacterium tuberculosis Growth

Shahin Ranjbar,’> Viraga Haridas,'> Aya Nambu,' Luke D. Jasenosky,'* Supriya Sadhukhan,” Thomas S. Ebert,?

Veit Hornung,? Gail H. Cassell,® James V. Falvo,’ and Anne E. Goldfeld'.¢*

SUMMARY

To establish stable infection, Mycobacterium tuberculosis (MTb) must overcome host innate immune
mechanisms, including those that sense pathogen-derived nucleic acids. Here, we show that the host
cytosolic RNA sensing molecules RIG-I-like receptor (RLR) signaling proteins RIG-I and MDAS, their
common adaptor protein MAVS, and the RNA-dependent kinase PKR each independently inhibit
MTb growth in human cells. Furthermore, we show that MTb broadly stimulates RIG-I, MDAS,
MAVS, and PKR gene expression and their biological activities. We also show that the oral FDA-
approved drug nitazoxanide (NTZ) significantly inhibits intracellular MTb growth and amplifies
MTb-stimulated RNA sensor gene expression and activity. This study establishes prototypic cyto-
plasmic RNA sensors as innate restriction factors for MTb growth in human cells and it shows that
targeting this pathway is a potential host-directed approach to treat tuberculosis disease.

INTRODUCTION

Type linterferons (IFNs), including IFN-B, play a central role in MTb restriction and pathogenesis (Kaufmann
and Dorhoi, 2013; Moreira-Teixeira et al., 2018; Pandey et al., 2014). Our previous studies unexpectedly
showed that the virus- and IFN-inducible interferon-stimulated gene (ISG) IFITM3 was induced by MTb
in primary human monocyte-derived macrophages (MDM) and was critically involved in MTb growth inhi-
bition in human monocytic and alveolar epithelial cell lines (Ranjbar et al., 2015). These findings led us to
speculate that mycobacteria directly trigger cytosolic RNA sensors that lead to transcription of IFN-B and of
IFITM3 and other ISGs typically involved in the antiviral/IFN axis, which might also inhibit intracellular MTb
growth in human cells.

Activation of cytosolic DNA sensing pathways by MTb infection leading to type | IFN production was first
described in 2012 (Manzanillo et al., 2012), followed by observations from several laboratories that the cy-
clic GMP-AMP synthase (cGAS)/stimulator of interferon genes (STING)/TANK binding kinase 1 (TBK1)/IFN
regulatory factor 3 (IRF3) pathway was important for MTb-dependent type | IFN production (Collins et al.,
2015; Dey et al., 2015; Wassermann et al., 2015; Watson et al., 2015). STING and cGAS were also shown to
restrict MTb growth with the demonstration that bone-marrow-derived macrophages (BMDMs) from
cGAS™~ and STING ™~ mice had a higher burden of MTb relative to BMDM from wild-type mice (Watson
et al., 2015).

The RLR proteins retinoid acid-inducible gene I (RIG-I) and melanoma differentiation-associated protein 5
(MDAD) are key components of the host cytosolic RNA sensing pathway (Cui et al., 2014; Wu and Hur, 2015).
Although RIG-l and MDAS each preferentially respond to distinct double-stranded RNA (dsRNA) ligands—
short polyphosphorylated dsRNA (RIG-I) and long dsRNA (MDA5)—both signal through a common
adaptor, the mitochondrial antiviral signaling (MAVS) protein, leading to expression of IFN-B and other
type | IFNs (Gebhardt et al., 2017; Reikine et al., 2014; Tatematsu et al., 2018). The IFN-inducible, cyto-
plasmic dsRNA-activated kinase protein kinase R (PKR), which is an RNA-sensing protein outside of the
RIG-I/MDA5/MAVS axis, is also triggered by viral infection and by natural or synthetic dsRNA (Bou-Nader
et al., 2019; Dalet et al., 2015; Gal-Ben-Ari et al., 2018; Hull and Bevilacqua, 2016; Munir and Berg, 2013).

A role for cytosolic RNA sensing via the RLR pathway in response to bacterial infection has emerged from
studies in murine cells. In murine macrophages RIG-I and MDAS have been shown to recognize RNA
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released by Legionella pneumophila (Monroe et al., 2009) and Listeria monocytogenes (Abdullah et al.,
2012), and RIG-I has been shown to recognize Helicobacter pylori RNA in murine dendritic cells (Rad
et al., 2009). Furthermore, MTb infection of murine BMDM and J774 cells resulted in increased RIG-I and
MDAS5 mRNA levels (Andreu et al., 2017), and MTb RNA actively released into the host cytoplasm has
been shown to interact with RIG-I (Cheng and Schorey, 2018).

Here, we show that the RNA sensors RIG-I, MDAS, MAVS, and PKR broadly inhibit MTb growth in human
cells. Furthermore, we show that MTb stimulates RLR and PKR functional activity. We also demonstrate
that the oral FDA-approved thiazolide drug nitazoxanide (NTZ) (Anderson and Curran, 2007; Rossignol,
2014), which we have recently shown to amplify RNA sensing and interferon pathways in response to virus
and double-stranded RNA (dsRNA) (Jasenosky et al., 2019), potentiates MTb-driven RLR activity and signif-
icantly inhibits intracellular MTb growth in primary human cells. This study presents the first evidence of the
involvement of the RLR/MAVS and PKR pathways in cell-intrinsic control of intracellular MTb growth, dem-
onstrates the broad role of cytosolic RNA sensing proteins in the type | IFN response to MTb in human cells,
and suggests this pathway as a potential target for host-directed approaches to treat tuberculosis disease.

RESULTS

MTb Infection Induces Expression of RIG-I, MDAS5, and PKR mRNA in Primary Human MDM
and THP-1 Cells

IFITM3, RIG-I, MDAS, and PKR are IFN-stimulated genes (ISGs) (Katze et al., 1991; Kawasaki and Kawai,
2019; Meurs et al., 1990), whereas MAVS has not been reported to be IFN inducible (Kawasaki and Kawai,
2019). To determine if, as is the case with IFN-inducible IFITM3 (Ranjbar et al., 2015), RIG-I, MDA5, PKR,
and/or MAVS gene expression is induced by MTb in human cells, we infected primary human MDM for 3
or 24 h with MTb strain H37Rv. By 24 h post-MTb infection, RIG-I, MDA5, and PKR mRNA levels significantly
increased (p < 0.0001), whereas constitutive MAVS gene expression was not further elevated (Figure 1A,
left). We also examined IFN-B gene expression after 3 and 24 h of MTb infection and found that it too
was highly induced at 24 h (p=<0.000.1), and minimally, but significantly, induced by MTb at 3 h post-infec-
tion (p = 0.01) (Figure 1A, left).

We have previously used human monocytic THP-1 cells to study MTb-induced human gene transcription
and the role of host factors in restriction of MTb (Barthel et al., 2003; Ranjbar et al., 2012, 2015), including
IFITM3 (Ranjbar et al., 2015). In a pattern similar to MDM, after 24 h of H37Rv MTb infection of THP-1 cells,
mRNA levels of RIG-I (p = 0.002), MDAS5 (p = 0.0001), and PKR (p = 0.006) were significantly increased,
whereas MAVS mRNA levels were not (Figure 1A, right). This is consistent with a recent study showing
an increase in MDA5 and PKR mRNA levels in MTb-infected human MDM and THP-1 cells (Zhou et al.,
2019). MTb infection of THP-1 cells also led to a significant increase in IFN-B mRNA levels after 24 h
(<0.0001) (Figure 1A, right) as found in MDM. Thus, MTb infection stimulates RIG-I, MDA5, and PKR
gene expression in both primary human MDM and THP-1 cells.

To examine if this was a consequence of live MTb infection, we also tested the ability of killed mycobacterial
extracts to induce RIG-I, MDAS5, and PKR mRNA levels. Treatment of THP-1 cells with MTb H37Rv whole-cell
lysates for 24 h significantly induced RIG-I, MDAS5, and PKR mRNA levels with no increase in MAVS mRNA
levels in a pattern very similar to live infection (Figure S1A). Furthermore, IFITM3 mRNA levels were also
induced by the MTb lysates (Figure STA). This result is consistent with our previous study showing that
IFITM1-3 gene expression was induced by engagement of the pattern recognition receptors (PRRs) toll-
like receptor 2 (TLR2) and TLR4 (Ranjbar et al., 2015), which recognize MTb-derived molecules (Falvo
et al., 2011).

Disruption of Specific Cytoplasmic RNA Sensor Proteins Promotes Increased Intracellular
MTb Growth in Human Cells

Having established that MTb infection induces gene expression of the RLR proteins and PKR, we next
tested the effect of disrupting expression of RIG-I, MDAS5, MAVS, or PKR (Figure S1B) upon intracellular
MTb growth compared with its respective control THP-1 cell line. However, first we performed a control
experiment to establish the RNA and DNA sensor responsiveness of the cell lines where the RNA sensor
proteins had been perturbed. We stimulated each knockdown and control cell line with short (19-bp)
dsRNA (5'ppp dsRNA) and long (~1.5-8 kb) dsRNA (poly I:C) ligands and with herring sperm DNA, a ligand
stimulating the DNA sensing pathway, and measured IFN-B mRNA induction. We note that RIG-I
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Figure 1. MTb Infection Induces Gene Expression of Cytosolic RNA Sensing Proteins, Which Inhibit MTb Growth
(A) Gene expression in MDM (left) or THP-1 cells (right) that were mock-infected or infected with MTb (H37Rv) at ratio of 1:10 cell:bacilli for 3 or 24 h (MDM) or
24 h (THP-1). Relative mRNA expression of RIG-I, MDA5, MAVS, PKR, or IFN-B measured by RT-PCR is indicated on the histogram. Data were analyzed using
the unpaired Student's t-test and are presented as mean & SEM of three independent experiments. Please see Figure STA for RNA analysis of RIG-I, MDAS,
MAVS, PKR, and IFITM3 after H37Rv extract stimulation of THP-1 cells.

Days post MTb infection
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Figure 1. Continued

(B) Knockdown of RIG-I by shRNA, MDAS or MAVS by Cas9/CRISPR, or PKR by dCas9/CRISPR in THP-1 cells as described in Methods impairs the cytosolic
RNA sensing pathway while leaving the cytosolic DNA sensing pathway intact. IFN-B mRNA expression levels were measured in the differentiated THP-1
control cells or RIG-I, MDAS5, MAVS, PKR, or STING knockdown cells. THP-1 cells were treated with 5'ppp RNA, poly I:C, or herring sperm DNA as indicated
for eight hours. For each THP-1 cell line with an RNA sensor disruption we paired a matched control THP-1 cell line. In the case of the MDAS, MAVS, or STING
disrupted cells, which were created by Cas9/CRISPR, we employed a WT THP-1 cell line that was parental to the specific Cas9/CRISPR clone as described
previously (Mankan et al., 2014; Paijo et al., 2016; Schmid-Burgk et al., 2014). In the case of the RIG-I disrupted cells, we used an shRNA control THP-1 cell line
generated at the same time, and in the case of the PKR disrupted cells, which were generated by dCas9, we used a dCas? control cell line as described in
Methods. Data were analyzed using the unpaired Student'’s t-test and are presented as mean = SEM of three independent experiments. Please see
Figure S1B for Western blot analyses showing ablation of protein expression of RIG-I, MDAS5, MAVS, and PKR in THP-1 cells where expression of these genes
have been disrupted.

(C) Quantitative IFC analysis of THP-1 cells infected with H37Rv-mCherry at 1:10 cell:bacilli for 24 h or 48 h, comparing THP-1 control cells with cells in which
RIG-I, MDAS5, MAVS, or PKR expression was ablated as described in Methods. Dot plot graphs show the pixel intensity of intracellular mCherry in the infected
cells after ImageStream acquisition. Data were analyzed using the Mann-Whitney Test and are representative of three independent experiments, acquiring
~5,000 cells per sample each time. Please see Figure S2 for increase of MTb growth in STING- or cGAS-deficient THP-1 cells, and, please refer to Figure S3
for representative images of sensor-deficient and control THP-1 cells after ImageStream acquisition.

(D) CFU assays at 0, 2, and 4 days post-MTb infection (1:10 cell:bacilli) of control THP-1 cells relative to THP-1 cells in which RIG-I, MDAS5, MAVS,

or PKR expression was ablated as indicated. At Day 0, the range of counts were as follows: RIG-I vs. control: 72 x 10° + 22 vs. 92 x 10° + 1; MDAS5 vs. control:
17 x 10° + 8vs. 6x 10% + 3; MAVS vs. control: 18.1 x 10% + 8 vs. 6.3 x 10° + 3; PKR vs. control: 13x 10% + 1.1vs. 9 x 10° + 1.9. Data were analyzed using the
unpaired Student’s t-test and are presented as mean + SEM of two independent experiments in triplicate.

preferentially interacts with shorter dsRNAs compared with MDAS and PKR, which preferentially respond to
longer dsRNAs (Gebhardt et al., 2017; Kato et al., 2008; Reikine et al., 2014; Tatematsu et al., 2018).

In response to 5'ppp dsRNA, the RIG-I-deficient cells displayed significantly decreased expression of IFN-B
mRNA (p = 0.007) compared with control cells, which is consistent with RIG-I's preference for shorter
dsRNAs (Gebhardt et al., 2017; Reikine et al., 2014; Tatematsu et al., 2018). By contrast, 5'ppp dsRNA stim-
ulation of the MDA5-and PKR-deficient THP-1 cells did not result in significantly decreased (p = 0.09 and
p = 0.095, respectively) IFN-B levels compared with control cells (Figure 1B). These results are consistent
with the preferential response of MDAS and PKR to longer dsRNAs (Gebhardt et al., 2017; Reikine et al.,
2014; Tatematsu et al., 2018). Consistent with this finding, in response to poly I:C, the MDA5- or PKR-defi-
cient cells displayed significantly decreased IFN-B expression (p = 0.001 and p = 0.024, respectively)
compared with their respective controls (Figure 1B). As expected, cells deficient in MAVS, through which
both RIG-I and MDAGS signal, displayed a significant decrease in IFN-B mRNA levels in response to both
5'ppp dsRNA (p = 0.01) and poly I:C (p = 0.003) compared with their control THP-1 cells (Figure 1B).

Because there is potential crosstalk between the cytoplasmic DNA and RNA sensing pathways (Zevini et al.,
2017), to rule out an impact of disruption of the RNA sensors upon DNA sensing activities we stimulated the
RIG-I-, MDA5-, MAVS-, and PKR-deficient cell lines with herring sperm DNA (hsDNA), which activates the
cGAS/STING pathway (Gaidt et al., 2017). All of the RNA sensor-deficient cell lines displayed IFN-B gene
expression levels equivalent to those of control cells in response to hsDNA (Figure 1B). As a control, we also
stimulated STING-deficient THP-1 cells (Figure S1B), which as expected did not respond to hsDNA as did
its control THP-1 cell line (Figure 1B). Taken together, these data show that our RNA sensor-deficient cell
lines displayed functional phenotypes reflecting the lack of the specific sensor that was targeted, and their
DNA sensing pathway was intact.

To determine the role of each specific sensor in the cell-intrinsic inhibition of intracellular MTb growth, we
next infected the RIG-I, MDA5, MAVS, or PKR-deficient THP-1 cell lines with fluorescently labeled H37Rv-
mCherry MTb (Sillé et al., 2011) at a cell to bacteria ratio of 1:10 and compared their ability to restrict MTb
growth as compared to their respective control THP-1 cells. MTb growth was then evaluated after 24 or48 h
by quantitative imaging flow cytometry (IFC) (Figure 1C) utilizing the ImageStream platform (Basiji et al.,
2007; Haridas et al., 2017; Ranjbar et al., 2015). IFC permits discernment of internalized MTb bacilli from
extracellular bacilli within acquired images, and thus data are generated in a high-throughput fashion
from image analysis of specific cellular parameters (Haridas et al., 2017; Ranjbar et al., 2015). Intensity of
intracellular fluorescence per cell can then be plotted as a graph of pixel intensity (Basiji et al., 2007;
Doan et al., 2018; Haridas et al., 2017).

As shown in Figure 1C, inhibition of each of the RNA sensors resulted in highly significant increased growth
of H37Rv-mCherry as detected by IFC/ImageStream relative to its control cell line at 24 h (RIG-I: p < 0.0001;
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Figure 2. MTb Enhances RLR and PKR Activities

(A) 293T cells were left uninfected or infected with MTb strain H37Rv-mCherry (1:1 or 1:10 cell:bacilli) for 24 h (top row) or
48 h (bottom row) and analyzed by flow cytometry. Gated area and numerical values show the percentage of the cells
infected with bacilli. Dot plots are representative of three independent experiments.
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Figure 2. Continued

(B) ImageStream quantitative IFC analysis of 293T cells infected with H37Rv-mCherry at 1:10 cell:bacilli for 24 h (left) or 48 h
(right) comparing WT 293T control cells with cells in which RIG-I, MDA5, or MAVS expression was disrupted by gene
editing as described in Methods. A control 293T cell line that was parental to the specific gene-edited clone was used as
described previously (Ablasser et al., 2013; Yao et al., 2015; Zhu et al., 2014). Data were analyzed using the Mann-Whitney
Test and are representative of three independent experiments acquiring ~5,000 cells per sample each time. Please see
Figure S1C for Western blot analysis showing ablation of protein expression of RIG-I, MDA5, and MAVS, in 293T cells
where expression of these genes have been disrupted.

(C) IFN-B mRNA expression (left panel) and IFITM3 mRNA expression (right panel) in 293T cells transfected with human
RIG-I, MDAS, or MAVS expression vector or empty vector control in uninfected cells or cells infected with MTb (1:10
cell:bacilli) for 24 h. Data were analyzed using the unpaired Student’s t-test and are presented as mean + SEM of three
independent experiments.

(D) Left: Western blot analysis of total PKR and elF2a, and phosphorylated PKR and elF2a, and tubulin from control and
MTb (H37Rv)-infected (24 h) THP-1 cells. Right: densitometric analysis of the data is presented in histogram format. Please
see Figure S4 for Western blot analysis of RIG-I, MDAS5, and MAVS protein levels in THP-1 cells after MTb (H37Rv)
infection.

MDAGS: p < 0.0001; MAVS: p = 0.002) or 48 h (RIG-I: p < 0.0001; MDAS: p < 0.0001; MAVS: p = 0.0008)
post-infection. We also infected THP-1 cells in which STING or cGAS expression was ablated. Consistent
with previous results in murine cGAS™~ and STING™/~ BMDM (Watson et al., 2015), infection with
H37Rv-mCherry resulted in significantly enhanced growth of MTb at 24 or 48 h post-infection relative to
control cells (Figure S2), which was comparable to that observed with disruption of individual RNA sensor
proteins. Representative images of intracellular mycobacteria from the IFC/ImageStream analysis at the
median fluorescence intensity level for each mutant cell line and its corresponding control cell line are
shown in Figure S3.

We next confirmed our findings in an independent classical colony-forming unit (CFU) analysis. Inhibition of
RIG-I (p = 0.043), MDAD5 (p = 0.045), MAVS (p = 0.041), and PKR (p = 0.045) each resulted in significant in-
crease of MTb growth in comparison to THP-1 control cells by CFU analysis (Figure 1D). We note that there
was no significant difference in numbers of bacteria between any of the cell lines with RNA sensor disrup-
tions compared with their control cell lines at Day O after 4 h of MTb growth or at Day 2. Taken together, we
conclude that the RLR and PKR RNA sensing pathways broadly inhibit MTb intracellular growth indepen-
dently of the cGAS/STING DNA sensing pathway.

RIG-I, MDAS5, and MAVS Activities Are Potentiated by MTb Infection and PKR Is Activated

We next sought to determine if MTb, in addition to inducing gene expression of cytoplasmic RNA sensors,
amplified their activities. Previous studies of RLR activation have employed human embryonic kidney (HEK)
293T cells to overexpress RLRs and to test their response to specific activators (Ahmad et al., 2018; Ja-
senosky et al., 2019; Wu et al., 2013, 2014). To determine if 293T cells were an appropriate model system
to evaluate MTb-stimulated RLR activities, we first established that MTb could infect these cells. We note
that although MTb can proliferate in renal cells (Daher Ede et al., 2013), 293T cells are not a typical cell line
in which to study MTb infection. As shown in Figure 2A, H37Rv-mCherry MTb infection and growth in 293T
cells were detectable by flow cytometry when cells were infected with bacteria at a ratio of 1:1 or 1:10 after
24 (Figure 2A, top row) or 48 h (Figure 2A, bottom row).

Given the infectability of 293T cells by MTh, we next examined whether endogenous RIG-I, MDA5, or MAVS
within 293T cells played a role in restriction of H37Rv MTb growth in these cells. Infection of CRISPR/Cas9
gene-edited 293T cells in which RIG-I, MDAS, or MAVS expression was ablated (Figure S1C) resulted in sig-
nificant increase of intracellular growth of MTb relative to control 293T cells evaluated by IFC (Figure 2B).
Thus, MTb infection of 293T cells is restricted by RLR proteins, which mirrored our findings of their role in
the monocytic THP-1 cells (Figure 1C).

We thus next overexpressed RIG-I, MDAS, or MAVS in 293T cells and infected the cells with MTb H37Rv at a
ratio of 1:10 (Figure 2C). Twenty-four hours later we measured IFN-B (Figure 2C, left panel) and IFITM3 (Fig-
ure 2C, right panel) mRNA levels. Expression of both IFN-B and IFITM3 was significantly enhanced by MTb
infection in comparison to overexpression of each RNA sensor in the absence of MTb infection (Figure 2C).
Thus, MTb amplifies the activity of RIG-l and MDAS and their signaling adaptor protein MAVS, resulting in
increased levels of IFN-B and IFITM3 mRNA.
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Activation of PKR can be measured by detection of its auto-phosphorylated form (Carroll et al., 1993; Gal-
abruand Hovanessian, 1987; Thomis and Samuel, 1993) and by phosphorylation of its substrate elF2a (Bou-
Nader et al.,, 2019; Dalet et al., 2015; Gal-Ben-Ari et al., 2018; Hull and Bevilacqua, 2016; Munir and Berg,
2013). To test if MTb activated PKR, we infected THP-1 cells with H37Rv MTb for 24 h, prepared cellular ex-
tracts, and performed a Western blot analysis. We observed higher levels of total PKR protein and its phos-
phorylated active form and higher levels of phosphorylated elF2a protein after MTb infection (Figure 2D).
Thus, MTb infection enhances PKR activity in THP-1 cells as evidenced by the increased phosphorylation of
elF2a. We note that the MTb-induced protein expression of RIG-I, MDAS5, and MAVS (Figure S4) was also
directly correlated with their RNA expression shown in Figure TA.

NTZ Enhances MTb-Induced Gene Expression and Activity

Our recent studies have shown that the FDA-approved small molecule drug, NTZ, enhances RLR and PKR
activity in human cells (Jasenosky et al., 2019). Given our results above, we tested its effect on MTb-driven
RIG-I, MDAS5, MAVS, and PKR gene expression in THP-1 cells. THP-1 cells were exposed to vehicle (DMSO)
or 10 uM NTZ for 4 h and then infected with MTb. As shown in Figure 3A, NTZ augmented MTb induction of
RIG-I (p = 0.04), MDAS5 (p = 0.03), PKR (p = 0.01), and MAVS (p = 0.06) mRNA levels.

To test whether NTZ amplified MTb-driven RLR activities in 293T cells overexpressing RIG-I, MDAS5, or
MAVS, we next examined the impact of treatment of the cells with 10 uM NTZ for 4 h prior to MTb infection.
As shown in Figure 3B, NTZ pretreatment significantly increased MTb-induced IFN-B and IFITM3
gene expression in cells overexpressing RIG-I (p = 0.02; p = 0.02), MDAS (p = 0.01, p = 0.01), or MAVS
(p = 0.01; p = 0.004), respectively. Previous studies (Ashiru et al., 2014; Elazar et al., 2009) have suggested
that phosphorylation of PKR is increased by NTZ treatment. We thus also evaluated levels of PKR or phos-
phorylated PKR in cellular extracts from THP-1 cells stimulated with 10 uM NTZ or vehicle for 4 h and then
infected with MTb H37Rv for 24 h. We did not observe an NTZ-dependent increase in PKR phosphorylation
in these cells (Figure S4), consistent with a recent report (Hickson et al., 2018). Thus, NTZ broadly enhanced
MTb-induced RIG-I, MDAS5, and PKR mRNA expression and amplified MTb-dependent activation of the
RLR proteins.

Inhibition of MTb Growth by NTZ

NTZ has been reported to inhibit the growth of diverse strains of MTb cultured in cell-free media (Cava-
naugh et al., 2017; de Carvalho et al., 2009, 2011; Harausz et al., 2016; Odingo et al., 2017; Piccaro et al.,
2013; Shigyo et al., 2013). In one study using an H37Rv-luciferase reporter MTb strain, NTZ inhibited
MTb replication in THP-1 cells when measured at 24, 48, and 72 h after infection (Lam et al., 2012). By
contrast, in another study utilizing a whole blood assay (WBA) (Wallis et al., 2003) of human donor cells
and H37Ry, a significant inhibitory effect of NTZ was not appreciated, which the authors suggested was
due to low bioavailability of the highly protein-bound drug (Harausz et al., 2016). We note that another
WBA-based study did not show an inhibitory effect upon MTb of orally administered clofazimine (Janulionis
et al., 2004), which, as is the case with NTZ, is also highly protein-bound (Sangana et al., 2018), even though
clofazimine is now effectively used as a therapy for drug-resistant TB that is refractory to second-line agents
(Hurtado et al., 2018).

To test NTZ's effect on MTb growth, we first treated THP-1 cells with 5 or 10 uM NTZ (or vehicle) 4 h before
or 4 h after infection with H37Rv-mCherry at cell to bacteria ratios of 1:1 and 1:10 and evaluated MTb growth
24 or 48 h post-infection by FACS. NTZ-dependent inhibition of MTb growth was evident when NTZ (5 or
10 uM) was added 4 h prior to MTb infection but not when it was added 4 h after infection irrespective of cell
to bacteria ratio (Figure 4A).

To further quantify this effect, we evaluated NTZ's impact by IFC and the ImageStream platform. As shown
in Figure 4B, when 5 or 10 uM NTZ was added 4 h prior to H37Rv-mCherry infection of THP-1 cells, there was
a highly significant inhibitory effect on MTb growth at both 24 (p = 0.008, p < 0.0001) and 48 h (p < 0.0001,
p < 0.0001). By contrast, when 5 or 10 pM NTZ was added 4 h after infection, no MTb inhibition was
observed at 24 (p = 0.28, p = 0.63) or 48 h (p = 0.46, p = 0.11). Our data indicate that detection of NTZ's
host-dependent effects is maximized by pretreatment of cells with NTZ prior to infection.

To confirm our findings showing NTZ inhibition of MTb growth by FACS and IFC, we next performed a third
independent analysis of NTZ's impact on MTb growth by quantifying CFUs using the H37Rv MTb strain and
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(A) THP-1 cells were treated with 5 or 10 M of NTZ 4 h before or 4 h after infection with MTb strain H37Rv-mCherry (1:1
cell:bacilli, top row; or 1:10 cell:bacilli, bottom row) for 20 h and analyzed by flow cytometry. Gated area and numerical values
show the percentage of the cells infected with bacilli. Dot plots are representative of three independent experiments.

iScience 22, 299-313, December 20, 2019

307




iIScience

Figure 4. Continued

(B) Quantitative IFC analysis of THP-1 cells treated with 5 or 10 uM of NTZ 4 h before or 4 h after infection with MTb strain
H37Rv-mCherry (1:10 cell:bacilli) for 24 or 48 h as indicated. Dot plot graphs show the pixel intensity of intracellular
mCherry in the infected cells after ImageStream acquisition. Data were analyzed using the Mann-Whitney Test and are
representative of three independent experiments, acquiring ~5,000 cells per sample each time.

(CYNTZ, TIZ, and RM5061 inhibit MTb in human PBMC. Left panel: CFU assay of normal PBMC at0, 1, 2, 3, and 4 days after
treatment with 10 uM of NTZ, TIZ, RM5061, or treated with vehicle as a control for 4 h followed by infection with H37Rv
(1:10 cell: bacilli). Data were analyzed using the unpaired Student’s t-test and are presented as mean + SEM of four
independent experiments in triplicate. Table shows complete statistics. Right panel: cell viability in response to
increasing concentrations of NTZ and TIZ. Normal donor PBMC were treated with 10 or 20 pM of NTZ, TIZ, or RM5061, or
treated with vehicle as a control for 24 h. Cells were harvested, stained with Annexin V-FITC, and subjected to flow
cytometry analysis. Data were analyzed using the unpaired Student's t-test and are presented as mean + SEM of four
independent experiments.

primary human donor peripheral blood mononuclear cells (PBMC) from four individuals. For these exper-
iments, we employed NTZ, its active circulating metabolite, tizoxanide (TI1Z) (Rossignol, 2014), and a
recently developed water-soluble prodrug derivative of TIZ, RM5061 (also known as aminoxanide or
L-tert-leucyl thiazolide), which has a seven-fold higher blood concentration relative to NTZ in rats, with
absolute bioavailability increasing from 3% to 20% (Stachulski et al., 2017) and which is in pre-clinical devel-
opment for phase | human trials (Diawara et al., 2019). Pretreatment of donor PBMC with 10 uM NTZ, TIZ, or
RM5061 for 4 h prior to MTb infection resulted in a highly significant reduction of MTb growth in the
thiazolide drug-treated cultures after two (NTZ: p = 0.0112; TIZ: p < 0.0001; RM5061: p = 0.0457), three
(NTZ: p = 0.001; TIZ: p < 0.0001; RM5061: p = 0.0087), and four (NTZ: p = 0.0001; TIZ: p < 0.0007;
RM5061: p = 0.0036) days of MTb growth (Figure 4C, left).

In addition, there was no evidence of drug cytotoxicity based on the percentage of viable PBMCs detected
by Annexin V-FITC staining following treatment with 10 or 20 uM NTZ, TIZ, or RM5061 relative to control
cells for 24 h (Figure 4C, right). We note that 10 uM NTZ or TIZ is well below peak plasma levels of
~39 uM TIZ observed after an oral dose of 500 mg of NTZ (Stockis et al., 1996), which is a typical twice-
a-day oral dosage of the drug (Stockis et al., 2002). Thus, taken together, these results demonstrate that
NTZ, TIZ, or the new NTZ derivative RM5061 inhibits intracellular MTb growth in human cells measured us-
ing three distinct quantitative in vitro analyses, including by CFU in primary human PBMC.

DISCUSSION

Here we have shown that that RIG-I, MDAS5, MAVS, and PKR each play a significant functional role in the cell-
intrinsic control of intracellular MTb growth in human cells. Furthermore, we have shown that the broad
expression and activity of the major RLR signaling proteins RIG-I, MDA5, and MAVS and the RLR-indepen-
dent signaling protein PKR are increased by MTb infection of human cells. We have also demonstrated that
the FDA-approved oral drug NTZ, which amplifies RLR, PKR, and interferon activities (Jasenosky et al.,
2019), significantly inhibits MTb growth in human cells.

Two principal components of host cytoplasmic RNA surveillance, the RLR and PKR pathways, were initially
characterized as part of the innate immune response to cytoplasmic viral RNA (Andrejeva et al., 2004; Bou-
Nader et al., 2019; Kawai et al., 2005; Metz and Esteban, 1972; Meylan et al., 2005; Munir and Berg, 2013;
Seth et al., 2005; Xu et al., 2005; Yoneyama et al., 2004, 2005). However, bacterial RNA can also interact with
PKR (Bleiblo et al., 2012, 2013; Hull and Bevilacqua, 2015) and RLRs (Abdullah et al., 2012; Cheng and
Schorey, 2018; Monroe et al., 2009; Rad et al., 2009). Independent findings using a murine system demon-
strated a role for RIG-I and MAVS in MTb-induced IFN-B expression in macrophages (Cheng and Schorey,
2018). Furthermore, this group showed that MTb RNA-containing extracellular vesicles (EVs) isolated from
MTb-infected cells promoted IFN-B expression and mycobacterial killing in recipient macrophages in an
RIG-I- and MAVS-dependent fashion (Cheng and Schorey, 2019). These studies did not, however, examine
the role of these sensors in inhibition of intracellular MTb growth within the initially infected host cell, nor
did they reveal a role for MDAS or PKR in these processes, nor the role of MTb in the induction of their tran-
scription or activation.

By contrast, our data here show that two major proximal sensors in the RLR/MAVS cytosolic RNA surveil-

lance pathway, RIG-I and MDA5, and the RLR-independent PKR pathway are induced by MTb infection
and play non-redundant roles in the cell-intrinsic response to inhibit MTb growth. We note that RIG-I
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and MDAS recognize their RNA ligands via distinct mechanisms prior to their interaction with MAVS (Geb-
hardt et al., 2017; Reikine et al., 2014; Tatematsu et al., 2018). RIG-I binds to the ends of short dsRNAs, ex-
hibiting a preference for blunt ends and 5’ triphosphates (Hornung et al., 2006; Kato et al., 2006; Pichlmair
et al., 2006), and then assembles into tetrameric structures (Peisley et al., 2013, 2014). By contrast, MDAS5
binds to internal sequences, rather than the ends, of long dsRNAs, assembling cooperatively into filaments
along the RNA (Berke and Modis, 2012; Peisley et al., 2011, 2013; Wu et al., 2013). The multimerization of
RIG-I or MDADS, in turn, promotes the aggregation of MAVS at the mitochondrial membrane, leading to
downstream signaling (Berke and Modis, 2012; Hou et al., 2011; Jiang et al.,, 2012; Peisley et al., 2011,
2014; Shi et al., 2015; Wu et al., 2014). Thus, our data indicate that MTb RNAs expressed during active
MTb infection can trigger both the RIG-l and MDAS arms of the RLR pathway.

The mechanism and function of PKR is distinct from the RLR/MAVS pathway (Bou-Nader et al., 2019; Hull
and Bevilacqua, 2016; Munir and Berg, 2013). Instead of triggering activation of MAVS, leading to activation
of the transcription factor IRF3 (Gebhardt et al., 2017; Reikine et al., 2014; Tatematsu et al., 2018), PKR is
involved in shutdown of protein synthesis via phosphorylation of elF2a and can directly or indirectly acti-
vate kinase pathways, including MAP kinases and those leading to NF-kB activation resulting in innate im-
mune gene expression (Bou-Nader et al., 2019; Dalet et al., 2015; Gal-Ben-Ari et al., 2018; Gebhardt et al.,
2017; Hull and Bevilacqua, 2016; Munir and Berg, 2013). Furthermore, PKR can be activated by a number of
stimuli apart from RNA, such as TLR engagement, oxidative stress, growth factors, and cytokines (Bou-
Nader et al., 2019; Dalet et al., 2015; Gal-Ben-Ari et al., 2018; Munir and Berg, 2013). Early studies showed
that the PKR inhibitor 2-aminopurine inhibited lipopolysaccharide-driven TNF gene expression (Goldfeld
and Maniatis, 1989). Mycobacterium bovis bacillus Calmette-Guérin (BCG) was later found to induce tran-
scription of TNF, interleukin é (IL-6), and IL-10, as well as promote phosphorylation of PKR in a 2-aminopur-
ine-sensitive fashion (Cheung et al., 2005). As an RNA sensor, PKR responds to multiple synthetic and viral
DNAs, undergoing dimerization induced by dsRNA interaction as well as other stimuli (Bou-Nader et al.,
2019; Hull and Bevilacqua, 2016).

Although PKR’s role in IFN-B gene expression has been characterized by a number of studies (Dalet et al.,
2015; Gal-Ben-Ari et al., 2018; Munir and Berg, 2013), PKR's role in TB has not been clarified. Although a
previous study reported that PKR™~ mice had a reduced MTb burden (Wu et al., 2012); the same group later
attributed that finding to an error in mouse strain background and not to PKR directly (Mundhra et al.,
2018). Here, we have shown that MTb infection causes an increase in PKR mRNA and protein levels and
in phosphorylation of its substrate elF2a in human cells. Furthermore, we have shown that PKR deficiency
results in significantly enhanced intracellular MTb growth by both IFC and CFU analyses. Taken together,
our studies thus demonstrate that proteins of both the RLR/MAVS and PKR cytoplasmic RNA sensor path-
ways are critical components of host restriction of intracellular MTb growth in human cells.

Here, we have also shown that NTZ broadly enhances MTb-driven RLR/MAVS activities, resulting in increased
IFITM3 and IFN-B gene expression, and that it increases gene expression of RIG-I, MDA5, and PKR, extending
the immunomodulatory effect of NTZ to antimycobacterial host gene activity. The details of how MTb infection
regulates expression of the host RNA sensing pathway, the role of type | IFNs, and how NTZ amplifies these
effects in TB pathogenesis remain to be explored further. We also observed that, similar to MTb infection,
MTb lysate increased mRNA expression of the ISGs RIG-I, MDAS5, PKR, and IFITM3. MTb glycolipoproteins,
lipoproteins, and glycolipids present in the lysate are ligands for TLR4 and TLR2, which can in turn trigger acti-
vation of IRF3 and, more broadly, type | IFNs (Falvo et al., 2011; Perkins and Vogel, 2015); thus, the TLR and IRF/
IFN pathways may play a complementary role in this context. Indeed, we note that there is evidence that IRF3
can regulate the gene promoters of both RIG-I and MDAS (Hayakari et al., 2016; Yount et al., 2007) and that inter-
feron-stimulated gene factor 3 (ISGF-3) can regulate the PKR gene promoter (Ward and Samuel, 2003). Further-
more, given that NTZ can promote IRF3-driven IFN-B mRNA expression in addition to its ability to broadly
amplify RLR activity (Jasenosky et al., 2019), it is intriguing to speculate that MTb and NTZ directly enhance
gene expression of sensor molecules via their effects on upstream transcriptional activators.

Finally, our demonstration of the key role of cytoplasmic RNA sensor proteins in the cell-intrinsic control of
MTb growth and the ability of NTZ to amplify their effects suggest them as attractive targets for chemical
regulation to inhibit MTb. Current antimycobacterial treatment regimens are long and complex, compli-
cated by evolving drug resistance and a large burden of disease caused by multi-drug resistant TB (Bloom
etal., 2017). NTZ has a long track record of safety, including in HIV co-infected individuals (Abubakar et al.,
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2007). It is of low cost and available as an oral agent, including as a pediatric syrup formulation (Rossignol,
2014), making it an easily scalable treatment for adults and children. Our demonstration here showing
highly significant NTZ inhibition of intracellular MTb growth in THP-1 cells and in donor PMBCs thus
also provides support for the repurposing of NTZ, or newer NTZ derivatives, as a host-directed TB therapy
to complement canonical TB treatment regimens.

Limitations of the Study

We have not yet established the role of type | IFNs in MTb induction of RNA sensor transcription or the role
of type | IFNs in NTZ's amplification of MTb-driven RNA sensor activities. These studies, as well as the inves-
tigation and identification of NTZ's upstream target(s) are outside the scope of this article and will be the
subject of future research.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/].isci.2019.11.001.
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Supplemental Figure 1. MTb lysates induce RNA sensor RNAs and demonstration of disruption of RIG-I, MDA5, MAVS,
PKR, STING, or cGAS by Western blot analysis of protein expression. Related to Figures 1 and 2. A. Stimulation of THP-1
cells with H37Rv whole cell lysates induces gene expression of cytosolic RNA sensing proteins. Related to Figure 1A.
Gene expression in THP-1 cells that were mock stimulated or stimulated with MTb (H37Rv) lysates (30 pg /ml) for 3 or 24
hours as indicated using specific primers for RIG-I, MDA5, MAVS, PKR, and IFITM3 as described in Methods. After
measurement by RT-PCR, results were normalized using cyclophilin B mRNA as an internal control and expressed as
relative values of mMRNA expression of RIG-I, MDA5, MAVS, PKR, or IFITM3. Data were analyzed using the unpaired
Student’s t-test and are presented as mean + SEM of three independent experiments. B. Disruption of RIG-I, MDA5,
MAVS, PKR, STING, or cGAS protein expression in THP-1 cells. Related to Figure 1B. Western blot analysis of control WT
THP-1 cells or THP-1 cells where RIG-I, MDA5, MAVS, PKR, STING, or cGAS genes were disrupted as described in
Methods. For the MDA5, MAVS, STING, or cGAS perturbed cells, which were created by Cas9/CRISPR, controls were a
WT THP-1 cell line that was parental to the specific Cas9/CRISPR clone as done previously (Mankan et al., 2014; Paijo et
al., 2016; Schmid-Burgk et al., 2014). The indicated antibodies, including tubulin as a control, were used to quantify the
amount of protein in extracts from each cell line. C. Disruption of RIG-I, MDA5, or MAVS protein expression in 293T cells.
Related to Figure 2B. Western blot analysis of wild type (WT) 293T cells or 293T cells where RIG-I, MDA5, or MAVS were
ablated as described in Methods. The indicated antibodies, including an antibody to tubulin as a control, were used to
quantify the amount of protein in extracts from each cell line.
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Supplemental figure 2

Supplemental Figure 2. Knockdown of STING or cGAS in THP-1 cells inhibits intracellular MTb
growth. Related to Figure 1C. Quantitative IFC analysis of WT THP-1 control cells and cells in which
STING or cGAS expression was disrupted (Fig. S1A) following infection with H37Rv-mCherry at 1:10
cell:bacilli for 24 hours or 48 hours as indicated. Dot plot graphs show the pixel intensity of intracellular
mCherry in the infected cells. Data were analyzed using the Mann-Whitney Test and represents one of
three independent experiments, acquiring ~5,000 cells per sample each time.
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Supplemental Figure 3. Microscopy of MTb infection of WT and RIG-I-, MDA5-, MAVS-, PKR-, STING-, and
cGAS-deficient THP-1 cells show intracellular MTb infection. Related to Figure 1C. Representative images are
shown of individual THP-1 cells after ImageStream acquisition at median level of fluorescence intensity for each cell

type and condition indicated. Bright-field microscopy (60x magnification) shows cells infected with MTb H37Rv-
mCherry for 24 or 48 hours.
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Supplemental Figure 4. MTb induction of RNA sensor protein levels parallels induction of RNA
expression. Related to Figures1A. Western blot of MAVS, RIG-I, MDAS5, actin, and tubulin protein
expression in extracts from THP-1 cells uninfected (UN) or MTb infected for 24 hrs.
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Supplemental Figure 5. MTb infection increases PKR and phosphorylated PKR protein levels
while NTZ does not increase them. Related to Figure 3A. Left, Western blot of PKR,
phosphorylated PKR, and tubulin (control) in extracts from THP-1 cells treated with vehicle or 10
MM NTZ and with or without MTb infection for 24 hrs. Right, plot of densitometric quantitation of
PKR and phosphorylated PKR bands relative to tubulin bands from the blot.



TRANSPARENT METHODS

Ethics Statement: For isolation of peripheral blood mononuclear cells (PBMCs), we
obtained unidentified, discarded leukocyte packs from the Boston Children’s

Hospital Blood Donor Center.

Cell Culture: Human PBMCs were isolated by Ficoll-Hypaque (Pharmacia) density
gradient centrifugation. To prepare MDM, monocytes were enriched by positive
selection with CD14 microbeads (STEMCELL Technologies) and then cultured at
1x106° cells per well in six-well plates in RPMI-1640 medium with 2 mM L-glutamine
(BioWhittaker), supplemented with 5% heat-inactivated human AB serum (Atlanta
Biologicals) and 20 ng/ml recombinant human M-CSF (R&D Systems). After 5 days,
supernatants were replaced with M-CSF-free medium prior to experimental analysis.
More than 98% of the adherent cells obtained with this technique were CD14+
macrophages, as verified by flow cytometry. The human monocytic cell line THP-1
was obtained from ATCC. PBMC or THP-1 cells were cultured in RPMI-1640 medium
with 2 mM L-glutamine (BioWhittaker), supplemented with 10% FCS (Atlanta
Biologicals). The human embryonic kidney cell line HEK-293T was

obtained from ATCC and cultured in DMEM (BioWhittaker) supplemented with 10%

FCS (Atlanta Biologicals).

Knockdown cell lines: 293T cells deficient for MAVS or DDX58 (RIG-I) (Yao et al,,
2015; Zhu et al,, 2014) were previously described. Briefly, a plasmid expressing a

pair of zinc finger nucleases (ZFNs) designed to target exon 1 of RIG-I (Zhu et al,,



2014), or a pair of TALEN plasmids targeting MAVS (Yao et al., 2015) were
transfected into 293T cells and single clones were validated by sequencing and
Western blotting. THP-1 and 293T cells deficient for IFIH1 (MDAS5) and THP-1 cells
deficient for STING and cGAS were generated using CRISPR/Cas9 and single guide
RNAs (sgRNAs). SgRNAs targeting an early coding exon of the indicated genes were
designed. THP-1 cells were electroporated with pLK0.1-gRNA-CMV-GFP and CMV-
mCherry-T2A-Cas9 expression plasmids using a Biorad GenePulser device as
previously described (Schmid-Burgk et al., 2014). 293T cells were transiently
transfected with the described plasmids using GeneJuice lipofection. mCherry
positive cells were FACS-sorted and cloned by limiting dilution. Monoclones were
duplicated and genotyped by deep sequencing (Illumina). Cell clones containing all-
allelic frameshift mutations without wild-type reads were considered as knockout
single-cell clones. The CRISPR/dCas9 PKR knockdown THP-1 cells were generated
using a lentiviral vector encoding gRNA specific to the PKR gene promoter (or a
gRNA directed to a scrambled nonsense sequence for control cells), dCas9-KRAB,
and a puromycin resistance marker. Cells were selected with puromycin and PKR
knockdown was analyzed by RT-qPCR as we described (Jasenosky et al., 2019). RIG-
[ deficient THP-1 cells and their corresponding control cell line were constructed as
follows. Lentiviruses were produced by transfecting Lenti-XTM 293T cells (TaKaRa)
with standard packaging vectors using TransIT-293 transfection reagent (Mirus)
and filtering pooled supernatants through 0.45 pm PVDF filter followed by Lenti-X
concentrator (TaKaRa). THP-1 cells were then lentivirally transduced with

constructs expressing scrambled (Scr) sequence (pLKO.1 non-target shRNA,



SHC016) or DDX58 (RIG-I) (pLKO.1_TRC005, TRCN0000230212) shRNAs (Sigma)

followed by puromycin selection.

Western Blot Analysis: Cells were cultured in DMEM or RPMI11640 complete media
and used for Western blotting. Cell pellets were lysed in Laemmli buffer (62.5 mM
Tris-HCl [pH 6.8], 2% sodium dodecyl sulfate, 2.5% p-mercaptoethanol, 10%
glycerol, and 0.01% bromophenol blue; BIO-RAD) for 30 min in presence of
protease inhibitors (Thermo Fisher Scientific), boiled for 5 min or 20 min (for all
BL3 samples) at 100°C, and subjected to Western blot analysis. Primary antibodies:
DDX58 (RIG-I) (1:2,000, D14G6, 3743, Cell Signaling Technology (CST)), IFIH1
(MDA5) (1:2000, D74E4, 5321, CST), EIF2AK2 (PKR) (1:5,000, Y117, ab32506,
Abcam), MAVS (1:2000, polyclonal, 3993, CST), TMEM173 (STING) (1:2000, D2P2F,
13647, CST), phospho-EIF2AK2 (PKR phosphorylated at Thr451) (1:2000,
polyclonal, 07-886, Millipore), CGAS (cGAS) (1:2000, D1D3G, 15102, CST) and
TUBA4A (o-tubulin) (1:5,000, B-5-1-2, T5168, SIGMA). Blots were probed with anti-
mouse (1:2,000, 7076, CST) or anti-rabbit (1:2,000, 7074, CST) IgG-HRP secondary
antibody and visualized using SuperSignal West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific) or SuperSignal West Femto Maximum

Sensitivity Substrate (Thermo Fisher Scientific).

Expression plasmids and cell stimulation: The pFLAG-CMV4 vectors encoding
full-length RIG-I, MDAS5, or MAVS have been described previously (Wu et al., 2014)

and pFLAG-CMV4 was used as an empty vector control. Cells were transfected with



these vectors using lipofactamine2000 (Invitrogen), incubated 18 hours, and
infected with MTb for 24 hours, in the presence or absence of NTZ (a gift from
Romark) for 4 hours prior to infection as indicated after which the cultures were
terminated and total RNA was extracted, as previously described (Ranjbar et al,,
2015). For the RNA analysis of RNA and DNA sensor responsiveness, THP-1 cell

lines in which PKR, RIG-I, MDA5, or MAVS were knocked down or control cells (1 x
107) were bulk differentiated by overnight incubation in 100 ng/mL PMA in 10 cm
dishes. Cells were washed twice with PBS and detached using trypsinization. 5 x 105
cells were seeded per 48-well plate in RPMI-1640 medium with 2 mM L-glutamine,
supplemented with 10% FCS overnight, after which the differentiated cells were
transfected with 400 ng of 5’ppp dsRNA (InvivoGen), high molecular weight
(average size 1.5-8 kb) poly I:C (InvivoGen), or herring sperm DNA (Sigma), or mock
transfected, using Lipofectamine2000 (Invitrogen). Cultures were further incubated
at 37°C and 5% CO: for 8 hours, after which they were terminated and total RNA

was extracted for further analysis. In the case of MTb whole cell lysates (H37Rv)
(BEI Resources) (NR-14822), 30 ug/ml were used to stimulate THP-1 cells as

indicated.

MTDb Culture: The MTb strains H37Rv and H37Rv-mCherry (kindly provided by Dr.
Sarah Fortune; (Sillé et al., 2011)) were prepared as described previously (Ranjbar
et al., 2009). Bacteria were grown in Middlebrook 7H9 medium (Difco BD, Franklin
Lakes, NJ) supplemented with albumin dextrose complex (ADC) and 0.05% Tween

80 (Sigma-Aldrich, Saint Louis, MO). Bacteria were grown to an ODsso of 0.4 at 37°C,



which assured that they were in logarithmic growth phase. Cells were then pelleted
and washed with PBS, re-suspended in PBS, and passed through a 5 pm filter to
ensure that the bacteria were in a single cell suspension. Bacterial cell numbers
were determined by measurement of ODeso before further dilution for cell infection

studies.

Cellular stimulation and analysis by quantitative PCR: MDM, THP-1, and 293T
cells were infected with H37Rv at a ratio of 1 or 10 bacteria per 1 cell as previously
described (Ranjbar et al,, 2015) in the presence or absence of NTZ as indicated, and
mRNA expression levels were determined by SYBR Green-based real-time PCR (Bio-
Rad Laboratories) as described previously (Ranjbar et al., 2015) with the following
gene-specific primers: IFITM3 (forward, 5’-GCTGATCTTCCAGGCCTATG-3’; reverse,
5’-GATACAGGACTCGGCTCCGG-3); IFN-B (forward, 5’-
GAATGGGAGGCTTGAATACTGCCT-3’; reverse, 5'-
TAGCAAAGATGTTCTGGAGCATCTC-3’); PKR (forward, 5’-
GGCACCCAGATTTGACCTTC-3’; reverse, 5’-TCCTTGTTCGCTTTCCATCA-3’); RIG-1
(forward, 5'-GAAGACCCTGGACCCTACCTA-3"; reverse, 5'-
CCATTGGGCCCTTGTTGTTT-3"); MDAS (forward, 5’-CTCAGGCCTTACCAAATGGA-3’;
reverse, 5’-TCCAGGCTCAGATGCTTTTT-3’"); MAVS (forward, 5’-
CCTAAGGCCCTCTCTTTGCT-3’; reverse, 5’-GCACCTCCAAAGAGCTTGAC-3"); and
Cyclophilin B (PPIB) (forward, 5’-AGAAGAAGGGGCCCAAAG-3’; reverse, 5'-
AAAGATCACCCGGCCTACA-3’). The reaction conditions were 95°C for 10 min

followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min. The results were



normalized using cyclophilin B mRNA as an internal control and expressed as

relative values.

CFU Assay: Normal donor PBMC (2 x 10°) were seeded in twelve-well plates in
triplicate and were treated with 10 puM of NTZ, TIZ, RM5061 (gifts from Romark) or
DMSO as control for 4 hours, after which they were infected with H37Rv

(cell:bacteria, 1:10). After a 4-hour incubation at 37°C and 5% CO., the cultures

were treated with 50 ug/ml puromycin for 20 min. Cells were washed three times
with PBS; cultured in 3 ml fresh RPMI medium plus 10% FCS without or with 10 uM
NTZ, TIZ, or RM5061; and incubated at 37°C and 5% COz. Following each time point,
cultures were terminated, cells were treated with lysis buffer and sonicated, and
serial dilutions were prepared and inoculated in Middlebrook 7H11 agar in triplicate.
Colonies were counted on day 25 post-infection. THP-1 cell lines (1.5 x 10°) were
seeded in twelve-well plates in triplicate and infected with H37Rv (cell: bacteria,
1:10) and then treated as described above. The same procedure of CFU analysis was
performed in the THP-1 control and RNA sensor perturbed cells lines infected with

MTb.

Flow Cytometry: For standard cytometric analyses, cells were left uninfected or
infected with MTb-mCherry for the indicated time points, after which the cultures
were terminated. Cells were washed with PBS, fixed with 4% paraformaldehyde,
and analyzed with a five-laser FACSAria SORP machine (Becton Dickinson)
according to standard techniques. Results were analyzed using the Flow]o software

package.



ImageStream analysis: Cells were infected with MTb H37Rv-mCherry for the
indicated time points and treated with NTZ (a gift from Romark) as described above
for 4 hours prior to or after infection as indicated. Cultures were terminated and
cells were fixed with 4% paraformaldehyde. ~5,000 cells per sample were acquired
using an Amnis ImageStreamX Mark II machine (EMD Millipore), with simultaneous
collection of bright field, fluorescence, and scatter of images on a per-cell basis.
Objective numerical quantification of internalized H37Rv-mCherry was performed

using IDEAS software (Haridas et al,, 2017).

Statistical Analysis: Where applicable, results are expressed as mean * SEM.
Comparison between two groups was performed using the unpaired Student’s t-test
with the aid of Microsoft Excel software or the Mann-Whitney Test using Graph-pad

Prism software. A p value of 0.05 was considered significant.
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