1' frontiers

in Cellular and Infection Microbiology

ORIGINAL RESEARCH
published: 05 May 2017
doi: 10.3389/fcimb.2017.00169

OPEN ACCESS

Edited by:

Souhaila Al Khodor,

Sidra Medical and Research Center,
Qatar

Reviewed by:

Susu M. Zughaier,

Emory University, USA

Heloisa D’Avila Da Silva Bizarro,
Universidade Federal de Juiz de Fora,
Brazil

*Correspondence:
Xiangmei Zhou
zhouxm@cau.edu.cn

Received: 08 November 2016
Accepted: 18 April 2017
Published: 05 May 2017

Citation:

Chunfa L, Xin S, Qiang L,
Sreevatsan S, Yang L, Zhao D and
Zhou X (2017) The Central Role of
IFI204 in IFN-B Release and
Autophagy Activation during
Mycobacterium bovis Infection.
Front. Cell. Infect. Microbiol. 7:169.
doi: 10.3389/fcimb.2017.00169

Check for
updates

The Central Role of IFI204 in IFN-£
Release and Autophagy Activation
during Mycobacterium bovis
Infection

Liu Chunfa’, Sun Xin', Li Qiang?, Srinand Sreevatsan?®, Lifeng Yang', Deming Zhao' and
Xiangmei Zhou ™*

! State Key Laboratories for Agrobiotechnology, Key Laboratory of Animal Epidemiology and Zoonosis, Ministry of Agriculture,
National Animal Transmissible Spongiform Encephalopathy Laboratory, College of Veterinary Medicine, China Agricultural
University, Beijing, China, 2 Department of Veterinary Medicine, College of Agriculture, Ningxia University, Yinchuan, China,
S Department of Veterinary Population Medicine, College of Veterinary Medicine, University of Minnesota, Saint Paul, MIN, USA

Mycobacterium bovis (M. bovis) is the pathogen of animals and humans that can replicate
in the phagosomes of myeloid cells. Cytosolic detection of bacterial products plays a
crucial role in initiating the innate immune response, including autophagy activation and
interferon-p (IFN-p) release. Although IFN-B release and autophagy activation have been
reported during mycobacterium infection, the mechanisms underlying remains poorly
defined. Here, we demonstrated that IFN-8 release increases in macrophages exposed
to M. bovis and this requires the activation of the DNA sensor of interferon-y inducible
protein 204 (IFI204). Knockdown of the IFI204 in immortalized and primary murine
macrophages blocked IFN-f production and autophagy marker LC3 expression. Thus,
our results indicate that the IFI204 is an important sensor for innate immune responses
of M. bovis infection.
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INTRODUCTION

Tuberculosis (TB) is a major burden on global health, owing to its high morbidity and mortality
worldwide. In 2010, 9 million new cases were reported that was associated with mortality of 1.4
million humans (O’Garra et al., 2013). The disease is caused by Mycobacterium tuberculosis (Mtb)
and/or M. bovis. A recent review on the epidemiology of human TB caused by M. bovis in the
United States reported that the annual percentages of TB cases attributable to M. bovis ranged from
1.3 to 1.6% during the period 2006-2013 (Scott et al., 2016). One constraint of the study was that a
fraction (23.6%) of TB patients were not cultured and a proportion (15.5%) of the cultured isolates
were not typed using molecular markers. Since M. bovis is pyruvate dependent and conventional
culturing media does not contain it, this could have underestimated the burden of M. bovis (Scott
etal., 2016).

Foreign DNA is detected by the innate immune system and triggers early protective responses.
When lysed mycobacteria are released from phagosome into the cytoplasm, naked mycobacterial
genomic DNA induces cytokine release and activate autophagy (Manzanillo et al., 2012; Watson
etal.,, 2012). The proposed DNA sensors such as, absent in melanoma 2 (AIM2) (Saiga et al., 2012;
Yang et al., 2013), cyclic GMP-AMP (cGAMP) synthetase (cGAS) (Collins et al., 2015; Wassermann
et al., 2015; Watson et al., 2015) and IFI204 (Unterholzner et al., 2010; Manzanillo et al., 2012)
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M. bovis Activates IFI204 Pathways

FIGURE 1 | M. bovis infection promotes IFN-B release and nuclear translocation of IRF3. (A) ELISA measurement of IFN-8 protein released from J774A.1
cells infected with M. bovis (MOI 10) at different infection times (0, 4, 24 h). (B) ELISA measurement of IFN-g protein released from BMDMs cells infected with M. bovis
(MOI 10) at different infection times (0, 4, 24 h). (C) J774A.1 and BMDMs cells were infected with M. bovis. The whole cells extracts were examined by immunobloting
with anti-IRF3 and anti-p-IRF3 antibodies at different infection times (4, 24 h). The p-IRF3/B-actin ratios are shown below. (D) J774A.1 cells were infected with

M. bovis for 24 h and immunostained with anti-IRF3 antibody (green). Cell nuclei were visualized by DAPI (blue). Scale bars, 10 wm. (E) J774A.1 cells were infected
with M. bovis. Nuclear and cytosolic extracts were examined by immunobloting with anti-IRF3 antibody at different infection times (4, 24 h). These membranes were
stripped and immunoblotted with anti-B-actin and anti-TATA binding protein (TBP) antibodies to examine the purity of nuclear (right) and cytoplasmic lysates (left),
respectively. The IRF3/B-actin and IRF3/B-actin ratios are shown below. *P < 0.05, **P < 0.01.

decreased in IFI204 knock-down groups. Gene expression
of TNF-a and IL-10 did not show any significant changes
but an increase in IL-1p levels were observed (Figure 3D).
We have recently shown that AIM2 plays a critical role in
IL-1P release and it inhibits the STING-dependent pathway
during M. bovis infection in macrophages (Liu et al.,, 2016).
We hypothesized that IFI204 conjugated competitively with
M. bovis to inhibit the AIM2-dependent IL-1f production.
To test this hypothesis, we examined the co-localization of
M. bovis and AIM2 after IFI204 knocked down. M. bovis-
AIM2 co-localization increased moderately (Figure 3E). Taken
together, these results suggest that IFI204 plays an important role
in IFN- release during M. bovis infection in murine macrophage
model.

Acetylated IFI204 Co-localizes with
M. bovis in the cytoplasm and Recruits
STING to Activate IFN-8 release

As shown in Figure2F, IFI204 expression increased in
the cytoplasm and the nucleus during M. bovis infection.
Furthermore, the IFI204 protein levels in the respective cellular
compartments were confirmed by WB (Figure 4A). Results show
that the expression in both cellular sub-compartments increased
in a time dependent manner during macrophage infection. The
translocation of IFI16 from cytoplasm to nucleus is regulated
by the acetylation of nuclear IFI16 during viral infections
(Ansari et al., 2015). We found that IFI204 was acetylated in
macrophages during M. bovis infection and the acetylated protein
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FIGURE 2 | M. bovis Infection increases the expression of IFI204 proteins. (A,B) Measurement of mMRNA expression for IFI204 by g-PCR in J774A.1 (A) and
BMDMs (B) cells infected with M. bovis (MOI 10) at different infection times (4 h, 24, and 48 h). (C,D) J774A.1 (C) and BMDMs (D) cells were infected with M. bovis.
The whole cells extracts were examined by immunobloting with anti-IFI204 antibody. The ratios between IFI204 and B-actin were shown on right panel. (E)
Immunohistochemistry analysis for IFI204 in a lung biopsy from a M. bovis-infected mouse. Scale bars, 20 um. (F) BMDMs cells were infected with M. bovis for 24 h
and immunostained with anti-IFI204 antibody (green) and relative fluorescence intensity was shown (right). Scale bar, 5 um. Nearly 120 cells are used for the relative
fluorescence intensity. The image J software was used for the analysis. *P < 0.05; **P < 0.01; ***P < 0.001.
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FIGURE 3 | IFI204 is required for IFN-@ release in murine macrophages upon M. bovis infection. (A) Western blot of the expression of IFI204 in BMDMs
transfected with non-targeting siRNA (siCon), or IFI204-targeting siRNA (silFI204). The AIM2/B-actin ratios are shown below. (B) Measurement of mRNA expression
for IFN-B by g-PCR in BMDMs cells transfected with siCon, or silFI204 and then infected 24 h with M. bovis (MOI 10). (C) ELISA measurement of the protein
expression of IFN-g in BMDMs cells transfected with siCon, or silFI204 and then infected 24 h with M. bovis (MOI 10). (D) The mRNA expression of TNF-a, IL-18 and
IL-10 by g-PCR in BMDMs cells transfected with siCon, or silFI204 and then infected 24 h with M. bovis (MOI 10). (E) J774A.1 cells were infected with Alexa-488
Carboxylic Acid (green) labeled M. bovis for 24 h and immunostained with anti-AIM2 antibody (red), Scale bar, 10 um. **P < 0.01; ***P < 0.001.

Merge

was distributed in cytoplasm but not in the nucleus (Figure 4B).
We next demonstrated that cytosolic IFI1204 co-localized with
M. bovis (Figure 4C) in 42% infected macrophages. STING is
the adapter protein for IFI16 which is known to be required
for TBK1-IRF3-dependent IFN-f responses to viruses and DNA
(Unterholzner et al, 2010). To identify if STING molecule
was recruited by Ifi204 during M. bovis infection, we used
IF to observe the co-localization between them at 24h post-
infection in BMDM:s (Figure 4D). Co-immunoprecipitation (co-
IP) experiments showed that STING was present in IFI204
immunoprecipitates, suggesting existence of a IFI204-STING
conjugate molecule in J774A.1 cells (Figure 4E, left column). No
interaction was observed between ASC and IFI204 in the infected
cells (Figure 4E, right column). This result further confirmed our
hypothesis that IFI204 conjugates competitively with M. bovis

to inhibit the AIM2-dependent IL-1f3 production. To examine
the influence of IFI204 on downstream signaling pathway,
we performed siRNA to down-regulate IFI204 expression and
then tested the phosphorylation of TBK1 and IRF3 by WB
in J774A.1-M. bovis infection model. We observed a decrease
in STING-dependent signaling molecules (Figure 4F). Taken
together, we conclude that IFI204 first undergoes acetylation and
then translocates from nucleus into cytoplasm to recruit STING
for activation of TBK1-dependent IRF3 nuclear translocation and
IFN-B release.

IFI204 Is Required for LC3 Co-localization

with M. bovis

TBK1 has been shown to play an important role in autophagy
activation during cytosolic bacterial infection (Pilli et al,
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FIGURE 4 | Acetylated IFI204 co-localizes with M. bovis in the cytoplasm and recruits STING to activate IFN-g release. (A) J774A.1 cells were infected
with M. bovis and nuclear (left panel) and cytosolic extracts (right panel) were examined by immunobloting with anti-IFI204 antibody. These membranes were stripped
and immunoblotted with anti-B-actin and anti-TBP antibodies to examine the purity of nuclear and cytoplasmic lysates, respectively. The ratios of IFI204/TBP and
IFI204/B-actin are shown below. (B) J774A.1 cells were infected with M. bovis for 24 h. The whole cells extracts (left band) or nuclear and cytosolic extracts (right band)
were immunoprecipitated with IFI204 antibody; immunoblots of immune complexes with Acetylated Lysine antibody and inputs were probed with IFI204 and B-actin
antibodies. (C) J774A.1 cells were infected with Alexa-488 Carboxylic Acid (green) labeled M. bovis for 24 h and immunostained with anti-IFI204 antibody (red). Scale
bar, 5 um. Fifty two cells showed IFI204-positive mycobacteria in approximately 120 cells. The image J software was used for the analysis. (D) BMDMs cells were
infected with M. bovis for 24 h and immunostained with anti-STING (red) and anti-IFI204 (green) antibody to observe the co-localization between STING and IFI204.
Cell nuclei were visualized by DAPI (blue). Scale bar, 20 um. (E) J774A.1 cells were infected with M. bovis for 24 h. The whole cells extracts were immunoprecipitated
with IFI204 antibody or rabbit antibody; immunoblots of immune complexes and inputs were probed with IFI204, STING and B-actin antibodies (left band) or IFI204,
ASC and B-actin antibodies (right band). (F) BMDMs cells transfected with siCon, or silFI204 and then infected 24 h with M. bovis (MOI 10). Whole-cell extracts were
analyzed with Abs against p-TBK1, total TBK1, p-IRF3, total IRF3, and B-actin. The p-IRF3/B-actin and p-TBK-1/B-actin ratios are shown below.

2012). The dsDNA sensor cGAS has been shown to be
associated with induction of autophagy and co-localization
between LC3 and Mtb in macrophages (Watson et al., 2015).
To test the role of IFI204 in autophagy, we examined the
LC3 expression in BMDMs transfected with IFI204 targeting

Absence of IFI204 significantly reduced the association of LC3
with M. bovis (Figure 5C).

IFI204 Modulates the Balance of M. bovis

siRNA and then infected with M. bovis. We observed that
LC3-Ilexpression decreased when IFI204 was knocked down
(Figure 5A). Similar results were observed when LC3-puncta
were counted (Figure 5B). Next, we tested whether IF1204 also
had an effect on the co-localization between M. bovis and LC3.

Replication in Macrophages

Type 1 interferons (IFN) are pleiotropic proteins with anti-
proliferative, antiviral, and immunomodulatory activities. It
is widely believed that IFN-f is an adverse factor for
host survival, but advantageous to mycobacterial survival.
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Scale bar, 5 um. Nearly 120 cells are used for the relative fluorescence intensity. The image J software was used for the analysis. (C) J774A.1 cells were transfected
with siCon, or silFI204 and then infected with Alexa-488 Carboxylic Acid (green) labeled M. bovis for immunostained with anti-LC3 antibody (red) and the proportion of
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Multiple investigations have demonstrated that induction of
autophagy inhibits mycobacterium replication in macrophages.
Furthermore, ¢cGAS, which has been shown to induce type-
I interferon and activate autophagy during Mtb infection, is
necessary for mycobacterium control. To examine the role of
IF1204 in M. bovis survival, we infected BMDMs and J774A.1
deficient in IFI204 and quantified intracellular mycobacterium
replication (Figure 6). No significant differences were observed
in M. bovis replication between knockdown and untreated cells.
These results suggest an important role of IFI204 in IFN-B
release and autophagy activation in murine macrophages during
M. bovis infection.

DISCUSSION

In this investigation, we show that IFI204 plays a central
role in IFN-B induction and autophagy activation in murine
macrophages infected with M. bovis. The nuclear IFI1204 was
acetylated and then translocated into cytoplasm to recruit the
adaptor protein STING for IRF3-dependent IFN-f release and
TBK-1-LC3 associated autophagy during M. bovis infection. Our
results provide concrete evidence for a role of IFI204 in M. bovis
survival. This molecule has also been shown to contribute toward
cytosolic surveillance pathway (CSP) activation (Manzanillo

et al., 2012). TBK-1 is required for autophagic elimination of
mycobacteria in macrophages and further research shows that c-
GAS associated selective autophagy needs p-TBK-1 (Pilli et al.,
2012; Watson et al,, 2015). Our results show IFI204 which
required for LC3 co-localization with M. bovis is needed for the
phosphorylation of TBK-1. Mechanism of acetylation of IF1204 is
still unknown. In addition to cGAS and AIM2 (Yang et al., 2013;
Majlessi and Brosch, 2015), we here established a role of another
DNA sensor, IFI204, during mycobacterium infection.

Several members of the ds-DNA sensors have also been
proposed to activate the IFN-f release or IL-1p production
during Mtb infection, including cGAS and IFI204 or AIM2
(Manzanillo et al., 2012; Yang et al., 2013; Collins et al., 2015).
Except cGAS, AIM2 and IFI204 are both AIM2-like-receptors
(ALRs) characterized by a pyrin signaling domain and a DNA-
binding HIN domain. Although AIM2 is well-defined as the key
DNA sensor that activates the inflammasome, and cGAS itself
is also well-defined as the key DNA sensor for type-I interferon
release, but the function of IFI204 and other ALRs appear to
function differently. In this study, we demonstrated that ALRs are
essential for activation of the interferon response to intracellular
DNA (Gray et al,, 2016). IFI16 has been shown to be required
for the IFN response to HCMV using siRNA approaches (Ansari
et al.,, 2015). On the other hand, studies have also shown that
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FIGURE 6 | IFI204 modulates the balance of M. bovis replication in
macrophages. (A,B) Colony-Forming Units (CFU) from J774A.1
macrophages (A) and BMDMs cells (B) both transfected with siCon or silFI204
and then infected with M. bovis (MOl = 10).

IFI16 is dispensable for the IFN response to HCMV Infection
in knock out cell models (Gray et al., 2016). These differences
in results may be attributed to the differences between knock-
out vs. knock-down approaches used in these studies. In the
present study, we used siRNA approaches for IFI204 silencing
and showed similar results to those performed with shRNA
treatment (Manzanillo et al., 2012).

We have previously shown the potential competitive
relationship between AIM2 and other DNA sensors involved
in STING dependent pathway (Liu et al., 2016). In this study,
we found that IFI204 knockdown has an effect on AIM2-
dependent IL-1P release confirming the possibility that ALRs
mechanistically interact and co-regulate function (Gray et al.,
2016). TBK-1 has been shown to promote autophagy-mediated
antimicrobial defense by controlling autophagosome maturation
(Pilli et al., 2012). Furthermore, cGAS has been shown to play an
important role in recruiting these selective autophagy markers
to intracellular Mtb by p-TBK1 (Watson et al.,, 2015). Inducing
autophagy by exogenous agents inhibits pathogen survival.
Mice with an Atg5 (autophagy-related protein 5) deletion in the
myeloid lineage are more susceptible to mycobacterium infection
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