1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Nat Immunol. Author manuscript; available in PMC 2016 October 18.

-, HHS Public Access
«

Published in final edited form as:
Nat Immunol. 2016 June ; 17(6): 677-686. doi:10.1038/ni.3434.

Mycobacterium tuberculosis induces the miR-33 locus to
reprogram autophagy and host lipid metabolism

Mireille Ouimet?, Stefan Koster?, Erik Sakowski2, Bhama Ramkhelawon!, Coen van
Solingen?, Scott Oldebeken?!, Denuja Karunakaran3, Cynthia Portal Celhay?, Frederick J.
Sheedy?, Tathagat Dutta Ray!, Katharine Cecchini®, Philip D Zamore®, Katey J Rayner3,
Yves L Marcel3, Jennifer A Philips267, and Kathryn J Moorel.”

IMarc and Ruti Bell Vascular Biology and Disease Program, Leon H. Charney Division of
Cardiology, Department of Medicine, New York University Medical Center, New York, NY 2Division
of Infectious Diseases and Immunology, Department of Medicine, New York University Medical
Center, New York, NY 3University of Ottawa Heart Institute and Department of Biochemistry,
Microbiology and Immunology, University of Ottawa, Ontario, Canada “Dept of Clinical Medicine,
School of Medicine, Trinity College Dublin, Ireland SRNA Therapeutics Institute, Howard Hughes
Medical Institute, and Department of Biochemistry & Molecular Pharmacology, University of
Massachusetts Medical School, Worcester, MA

Abstract

Mycobacterium tuberculosis (Mtb) survives within macrophages by evading delivery to the
lysosome and promoting the accumulation of lipid bodies, which serve as a bacterial source of
nutrients. Here we show that by inducing miR-33 and its passenger strand miR-33*, Mtb inhibits
integrated pathways involved in autophagy, lysosomal function and fatty acid oxidation to support
bacterial replication. Silencing of miR-33 and miR-33* by genetic or pharmacological means
promotes autophagy flux through derepression of key autophagy effectors such as ATG5, ATG12,
LC3B and LAMP1 and AMPK-dependent activation of the transcription factors FOXO3 and
TFEB, enhancing lipid catabolism and Mtb xenophagy. These data define a mammalian miRNA
circuit utilized by Mtb to coordinately inhibit autophagy and reprogram host lipid metabolism to
enable intracellular survival and persistence in the host.

Mycobacterium tuberculosis (Mtb), the causative agent of the disease tuberculosis, remains
the leading worldwide bacterial cause of death. Mtb survives within mononuclear cells,
where it successfully combats macrophage microbicidal mechanisms by evading delivery to
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the lysosome, thereby limiting bacterial degradationl. Autophagy can contribute to the
degradation of intracellular bacteria (xenophagy) through the formation of autophagosomes
that sequester cytoplasmic bacilli and deliver them to lysosomes for degradation. Autophagy
also plays important roles in innate and adaptive immune responses by promoting antigen
presentation and modulating inflammatory responses. Its importance in host immunity is
underscored by the observation that many intracellular pathogens have autophagy evasion
strategiesz. In the case of Mtb, when autophagy is stimulated by pharmacologic means or
interferon-y (IFN-vy) treatment, Mtb targeting to autophagosomes and bacterial killing is
enhanced® *°. However, in the absence of such stimuli, the majority of Mtb do not associate
with microtubule-associated protein 1 light chain 3 (LC3), a marker of autophagy. Moreover,
in resting macrophages and /n vivo in mice, autophagy only makes a modest contribution
towards clearing Mtb> © "8 These observations raise the possibility that Mtb blocks
autophagy, as has been shown for a number of human pathogens.

During Mtb infection, xenophagy is initiated when mycobacterial DNA is detected by the
cytosolic DNA sensor cGASG' 510 1 Once initiated, over 30 proteins, including the
autophagy-related gene (ATG) proteins, orchestrate sequential membrane remodelling and
trafficking events to complete autophagosomal membrane nucleation (Beclin-1, VPS34,
ATG14L), autophagosomal elongation and maturation (ATG5, ATG12, ATG16L1, ATG4B,
ATG3, ATG7, LC3), and lysosomal docking and fusion (Syntaxinl7, UVRAG)lZ' B
Transcriptional reinforcement is required to sustain autophagy by replenishing components
that get degraded along with captured cargo, such as adapter proteins that bind cargo (eg.
p62) and LC3, which in its phosphatidylethanolamine-conjugated form (LC3-I1) is
associated with the autophagosomal membrane. The transcription factors FOXO314 and
TFEBlS, which are activated by the adenosine 5 monophosphate-activated protein kinase
(AMPK), accomplish this by promoting the expression of genes involved in autophagosome
and lysosomal biogenesis and function

Mtb also alters macrophage cellular metabolism to promote the accumulation of lipid
bodies, which serve as a source of nutrients in the form of cholesterol esters and fatty
acids™® % % These “foamy” macrophages provide a secure niche for the bacterium by
enabling survival and replication, and ultimately, persistence in the human host. The
formation of mycobacterial lipid bodies has been shown to be dependent on Toll-like
receptor signalling pathways, and isolated components of the mycobacterial cell wall such as
lipoarabinomannan (LAM) can mimic the pathogen and induce lipid body formation®”.
However, the mechanisms regulating lipid body formation in Mtb-infected macrophages
remain poorly understood.

MicroRNAs (miRNAs) have emerged as important post-transcriptional “fine-tuners” of gene
expression in response to pathophysiological stimuli. These small noncoding RNASs bind to
the 3’-untranslated region (3’UTR) of target mMRNAs and reduce protein expression by
blocking mRNA translation and/or by promoting mRNA degradation. A given miRNA can
simultaneously regulate multiple target genes, often with related functions, resulting in
potent cumulative effects on gene networks. Notable examples of this mechanism are
miR-33a and miR-33b, intronic miRNAs embedded in the human sterol response element

binding protein genes, SREBF2 and SREBF1, respectively (mice lack miR-33b)22v 2,425
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miR-33a/b repress genes involved in cellular cholesterol export and fatty acid oxidation,
including ABCA1, CROT, CPT1, HADHB and PRKAAI, thereby boosting cellular lipid
levels and lowering plasma levels of high density Iipoproteinszz' 23,2425 Furthermore,
although generally one strand of a miRNA duplex preferentially associates with the RNA-
induced silencing complex (RISC) and the “passenger” or miRNA* strand is degraded, both
miR-33 and miR-33* accumulate and target an overlapping subset of lipid metabolism
genes, suggesting that the two strands processed from the miR-33 precursor duplex may co-
regulate biological pathways

Here we demonstrate that autophagy is a key pathway targeted by miR-33 and its passenger
strand miR-33*. As autophagy promotes lipid catabolism (lipophagy) by delivering lipid
droplet-stored triglycerides and cholesterol esters to Iysosomesl3v 27, autophagy suppression
by miR-33 and miR-33* contributes to the coordinated actions of these miRNAs to promote
cellular lipid accumulation. Moreover, we show that Mtb takes advantage of this host
regulatory circuit by inducing the expression of miR-33 and miR-33* during macrophage
infection to simultaneously impair xenophagy and promote fatty acid stores in lipid bodies
to ensure its intracellular survival.

Mtb induces miR-33 and miR-33* expression

Because miR-33 boosts cellular sterol levels and is regulated by NF-KBZS, we surmised that
it might drive a metabolic response to Mtb infection. Infection of mouse peritoneal
macrophages with the Mtb H37Rv strain increased expression of miR-33 and its host gene
Srebf2 (Fig. 1a). Notably, Mtb H37Rv induced a parallel increase in the miR-33 passenger
strand, miR-33*, in peritoneal macrophages (Fig. 1a), and similar results were observed in
human THP-1 macrophages (Supplementary Fig. 1). Treatment of mouse bone marrow
derived macrophages (BMDMs) with gamma-irradiated Mtb (y-Mtb) or purified components
of the mycobacterial cell wall LAM and trehalose dimycolate (TDM) increased expression
of Srebf2and the miR-33 precursor transcript from which mature miR-33 and miR-33* arise
(Fig. 1b). Whereas copy numbers of miR-33* were low compared to miR-33 in mouse
embryonic fibroblasts (MEFs), miR-33* was relatively abundant in mouse peritoneal
macrophages (Fig. 1c), suggesting that it may have important roles in this cell type. Ago2
immunoprecipitated from peritoneal macrophages treated with y-Mtb showed increased
association with miR-33 and miR-33* compared to uninfected macrophages (Fig. 1d)
demonstrating that both strands of the miR-33 duplex were loaded onto the RNA-induced
silencing complex (RISC) upon Mtb infection.

To investigate whether miR-33 and miR-33* are regulated by Mtb /n vivo, we isolated
alveolar macrophages from the lungs of mice infected with Mtb expressing green fluorescent
protein (GFP). We observed a five-fold increase in miR-33 and miR-33* expression in
infected (GFP*) compared to uninfected (GFP~) macrophages from the same mice (Fig. 1e).
To assess whether NF-xB was required for the induction of miR-33 and miR-33*, we treated
BMDMs with the NF-xB inhibitor, BAY11-7082, and quantified miRNA expression in
response to y-Mtb infection. BAY11-7082 prevented induction of Srebf2, miR-33 and
miR-33* expression by y-Mtb (Fig. 1f). Together, these data indicate that miR-33 and
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miR-33* expression is upregulated in macrophages by Mtb and its cell wall constituents via
an NF-kB dependent mechanism.

miR-33 and miR-33* regulate lipid body catabolism

Next, we investigated whether miR-33 and miR-33* expression in Mtb-infected
macrophages contributes to the formation of fatty acid-rich lipid bodies. Using Seahorse
extracellular flux analysis, we quantified cellular oxygen consumption rates (OCR) as a
measure of fatty acid f-oxidation in unstimulated or y-Mtb-treated macrophages. Notably, -
Mtb reduced OCR in wild-type BMDMs, whereas OCR was largely restored in Mir337'~
BMDMs that lack expression of both miR-33 and miR-33* (Fig. 2a, b). We quantified
neutral lipids in Mtb-infected macrophages treated with anti-sense oligonucleotide (ASO)
inhibitors of miR-33 or miR-33* or a non-targeting control ASO. In control ASO treated
macrophages we observed numerous BODIPY-labeled lipid bodies that co-localized with
intracellular bacteria in the cytoplasm (Fig. 2c¢). Upon inhibition of miR-33 or miR-33*, the
size and number of lipid bodies in Mtb-infected macrophages were reduced (Fig. 2c). To test
whether miR-33 and miR-33* regulated the utilization of host cell triglycerides by Mtb, we
labeled macrophages with a BODIPY-C16 fatty acid analog prior to infection. Wild type
macrophages showed incorporation of lipid droplet derived BODIPY-labeled fatty acid into
the intracellular bacteria, and this was greatly reduced in Mir33™/~ macrophages (Fig. 2d).
Combined, these data suggest that Mtb-induced expression of miR-33 and miR-33* in
macrophages impairs mitochondrial fatty acid oxidation to augment cellular lipid stores that
are imported into the bacilli to serve as a nutrient source during chronic infection.

miR-33 regulates genes in the autophagy pathway

Autophagy participates in lipid metabolism by promoting the catabolism of lipid droplets in
IysosomesN' . To test whether miR-33 and miR-33* regulate lipid droplet turnover via
autophagy, we treated BMDMSs with oleic acid to form lipid droplets and tested the ability of
miR-33 and miR-33* inhibitors to promote their clearance in the presence or absence of an
inhibitor of lysosomal acid lipase (LAL). Compared to BMDMs treated with control ASO,
BMDMs treated with anti-miR-33 or anti-miR-33* had reduced lipid droplet content (Fig.
2e); however this was prevented upon inhibition of LAL (Fig. 2e), the lysosomal enzyme
required for autophagy-mediated lypolysis. Using the prediction algorithms TargetScan and
miRanda, we identified genes in the autophagy pathway as potential targets of human and
mouse miR-33 and miR-33*, including genes involved in autophagosome formation, such as
ATGS5, ATG7, ATG12, MAPI1LC3B, lysosomal function, such as lysosomal-associated
membrane protein 1 (LAMPI), lysosomal acid lipase (LAL), and regulation of autophagy,
such as UVRAG, PRKAA1L, PRKAAZ (Supplementary Fig. 2). To investigate whether
miR-33 and miR-33* regulate autophagy, we selected a subset of putative target genes
involved in different stages of autophagy for further validation. Human embryonic kidney
293 (HEK293) cells were transfected with 3’UTR-luciferase reporter genes for human
ATGS5, ATG7, ATG12, LAMPI, UVRAG and MAPILC3B (encoding LC3B) in the
presence of hsa-miR-33a or control mimic. The 3’UTR-luciferase activity of A7G5, ATG12,
LAMPI, UVRAG and MAPILC3B, but not ATG7, was lower in cells treated with hsa-
miR-33a mimic as compared to control mimic (Fig. 3a). Furthermore, THP-1 macrophages
treated with hsa-miR-33a mimic had lower expression of ATG5, ATG12, LAMP1 and
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MAP1LC3B protein compared to control mimic-treated macrophages (Fig. 3a and
Supplementary Fig 3), confirming these autophagy effectors as targets of miR-33. Similarly,
the hsa-miR-33a* mimic reduced the 3’UTR-luciferase activity of ATG5, ATG12, LAMP],
UVRAG and MAPILC3B and the protein amounts of these gene targets (Fig. 3b and
Supplementary Fig 3), pointing to a common role for hsa-miR-33a and hsa-miR-33a* in
regulation of the autophagy pathway.

Of the human autophagy targets of miR-33 and miR-33*, Afg5and LampI contain
conserved miR-33 and miR-33* binding sites in mouse. Mmu-miR-33 and mmu-miR-33*
mimic reduced the activity of the Afg5and Lampl 3’UTR-luciferase reporter in HEK293
cells, as compared to control mimic treated HEK293 cells (Fig. 3c, d). Furthermore,
peritoneal macrophages transfected with miR-33 and miR-33* mimics had lower expresion
of ATG5 and LAMP1 protein compared to control mimic-treated macrophages (Fig. 3c, d;
Supplementary Fig 3), thus validating mouse Afg5and Lamp1 as miR-33 and miR-33*
targets. Despite predicted miR-33 and miR-33* binding sites in the genes encoding
cathepsin B (Ctsb) and LAL (Lipa), no effect of miR-33 or miR-33* was observed on Cisb
or Lipa3’UTR activity (Fig. 3c, d). mRNA profiling of peritoneal macrophages transfected
with miR-33 and miR-33* mimics or inhibitors showed a reciprocal regulation of Afg5,
Lampl and Prkaal mRNA (Fig. 3e, f). Furthermore, compared to wild type macrophages,
Mir33!~ macrophages lacking both miR-33 and miR-33* displayed elevated expression of
Abcal, Atg5, Lampland Prkaal mRNA (Fig. 3g). Finally, consistent with the observed
induction of miR-33 and miR-33* by Mth, expression of miR-33 and miR-33* targets in
lipid metabolic and autophagy pathways were reduced /n vivo in Mth-infected (GFP™)
macrophages compared to the uninfected (GFP™) macrophages from the same mice (Fig.
3h). Together these data indicate that in Mth-infected macrophages elevated expression of
miR-33 and miR-33* represses key genes in the autophagy pathway.

miR-33 and miR-33* regulate activation of FOX0O3 and TFEB

PCR array profiling revealed that miR-33 and miR-33* overexpression and inhibition
reciprocally regulated several genes in the autophagy pathway that did not contain miR-33
or miR-33* binding sites and this was validated by quantitative PCR (Supplementary Fig. 4).
AMPK is a target of miF2—3322 and has dual functions in promoting autophagy: it represses
mTORC1 and promotes the activity of TFEB30 and FOX03™. As such, we focused on the
AMPK-dependent activation of TFEB and FOXO3, transcriptional regulators of autophagy
and lysosomal biogenesis gene programs. Compared to control ASO treatment, miR-33
mimic repressed human and mouse Prkaal 3’UTR activity in HEK293 cells and AMPKa
protein expression in macrophages (Fig. 3a, ). Furthermore, anti-miR-33 treated
macrophages showed increased Prkaal mRNA and AMPKa protein and phosphorylation,
compared to control ASO treated macrophages (Fig. 3e, Fig. 4a). miR-33* is also predicted
to target AMPKa and miR-33* overexpression and inhibition regulated human and mouse
Prkaal 3’UTR activity, mRNA, and protein expression and phosphorylation (Fig. 3, Fig. 4a).
Although mouse Foxo3and Tcfeb lack miR-33 or miR-33* binding sites, transfection of
peritoneal macrophages with miR-33 or miR-33* reduced expression of Foxo3and Tcfeb
and their downstream target genes (FOXO3: Atg4b, Atg12, Mapllc3b, TFEB: Ctsb, Lipa
and Uvrag), while treatment with anti-miR-33 or anti-miR-33* increased mRNA expression
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of these genes (Fig. 4b, c). Furthermore, macrophages treated with anti-miR-33 or anti-
miR-33* show increased FOXO3 and TFEB protein and nuclear localization compared to
control ASO treated macrophages (Supplementary Fig. 5), and these effects were abrogated
in the presence of an AMPK inhibitor (Supplementary Fig. 5). Likewise, the effects of
miR-33 and miR-33* overexpression or silencing on Foxo3and 7cfeb mRNAS were
abrogated in AMPK-deficient macrophages (Fig. 4d, €). Similar to our findings using
miR-33 and miR-33* inhibitors, Mir33~ macrophages displayed elevated expression and
activation of FOXO3 and TFEB (Fig. 4f), as well as increased expression of their
downstream target genes (Fig. 4g), compared to wild type macrophages. Finally, Foxo3and
Tcfeb mRNA and genes that they regulate were reduced 77 vivo in Mtb-infected (GFP*)
macrophages compared to the uninfected (GFP™) macrophages from the same mice (Fig.
4h), consistent with elevated expression of miR-33 and miR-33* in Mtb-infected
macrophages. These observations indicate that miR-33 and miR-33* regulate autophagy
through both direct targeting of autophagy effectors and by repressing AMPK-dependent
activation of autophagy and lysosomal gene transcription, and these regulatory mechanisms
are engaged in Mtb infection.

The miR-33 locus regulates cellular autophagy

To test the functional effects of miR-33 and miR-33* targeting of autophagy, we inhibited
miR-33 or miR-33* in MEFs stably expressing mCherry-GFP-LC3, which can be used to
track LC3 expression in autophagosomes and autophagolysosomes; the GFP and mCherry
tags together emit a yellow signal in pH-neutral autophagosomes, however upon
autophagosome fusion with acidic lysosomes the pH-sensitive GFP signal diminishes,
resulting in stronger red fluorescenceglv % In control ASO treated MEFs, LC3-GFP and
LC3-mCherry were diffusely expressed in the cytoplasm, whereas they were localized to
punctate structures in anti-miR-33 and anti-miR-33* treated MEFs (Fig. 5a) consistent with
enhanced autophagy initiation. Compared to control ASO treated MEFs, the anti-miR-33
and anti-miR-33* treated MEFs showed a greater number of yellow autophagosomes and
red autophagosome-lysosome resulting in an increased mCherry:GFP ratio (Fig. 5a)
indicative of enhanced autophagy flux. Because co-transfection of HEK293 cells with
miR-33 and miR-33* repressed the 3’UTR of autophagy target genes more than either
miR-33 and miR-33* alone (Fig. 5b), we examined whether the two strands of pre-miR-33
have additive effects on autophagy. Treating peritoneal macrophages with inhibitors of both
miR33 and miR-33* resulted in an additive increase in LC3 puncta compared to inhibition
of either miRNA alone (Fig. 5¢), indicating that miR-33 and miR-33* cooperatively regulate
autophagy. Mir33'~ macrophages had more LC3 puncta than wild type macrophages (Fig.
5d). Furthermore, the number of LC3 puncta in both wild type and Mir33™/~ macrophages
was increased by blocking lysosomal degradation using chloroquine indicating functional
autophagy flux (Fig. 5d).

To investigate whether Mtb limits autophagy-dependent antimicrobial responses by inducing
miR-33 and miR-33*, we measured the colocalization of Mtb H37Rv with p62, which tags
bacteria for sequestration within LC3-positive autophagosomes. Peritoneal macrophages
treated with anti-miR-33 or anti-miR-33* contained more p62-positive Mtb compared to
control ASO treated macrophages, and p62-Mtb colocalization was further augmented by
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treating peritoneal macrophages with anti-miR-33 and anti-miR-33* together (Fig. 6a).
Likewise, peritoneal macrophages treated with anti-miR-33 or anti-miR-33* contained more
LC3-positive bacteria compared to macrophages treated with control ASO, an effect that
was further enhanced by treating with both anti-miR-33 and anti-miR-33* (Fig. 6b). Finally,
compared to wild type macrophages, Mir33™'~ macrophages exhibited increased p62- and
LC3-association with Mth when cells were infected with the virulent H37Rv but not the
mutant AesxA strain, which fails to permeabilize the phagosome and trigger xenophagy6
(Fig. 6c, d). Together, these data suggest that Mtb limits xenophagy by inducing miR-33 and
miR-33* expression in macrophages.

Inhibition of miR-33 and miR-33* promotes Mtb clearance

To investigate whether miR-33- and miR-33*-dependent repression of autophagy and lipid
catabolism enhance Mtb survival, we assessed Mtb viability and growth in vitroand in vivo.
We infected BMDMSs with an Mtb strain expressing mCherry constitutively and GFP under
control of a tetracycline-inducible promotergs. After treatment with anhydrotetracycline
(AnTc), metabolically active bacteria express both GFP and mCherry, whereas dead or
metabolically inactive bacteria are only mCherry-positive. Compared to control ASO
treatment, anti-miR-33 and anti-miR-33* treatment reduced the proportion of metabolically
active Mtb when BMDMs were infected with wild type Mtb, but not the AesxA mutant (Fig.
7a). The magnitude of this decrease was similar to that seen in BMDMs treated with IFN-y
prior to infection (Fig. 7a), which activates autophagys. Furthermore, Mir33'~ BMDMs
contained fewer metabolically active Mtb compared to wild type BMDMs (Fig. 7b) and
similar results were observed when Mtb viability was quantified by bacterial colony
formation (Fig. 7c). Notably, anti-miR-33 and anti-miR-33* failed to reduce bacterial
viability in Atg16/77- BMDMs (Fig. 7d), which lack an essential component of the
autophagy elongation complex, confirming that the antimicrobial effects of miR-33 and
miR-33* silencing are mediated by autophagy. Because the autophagy pathway is critical to
both lipid catabolism (lipophagy), as well as bacterial degradation (xenophagy), the
Atg16/17'- BMDMs would be impaired in both. To determine the role of miR-33 and
miR-33* specifically in xenophagy, we examined Mtb survival in mouse Cgas”’~ BMDMs,
which lack the cGAS cytosolic sensor required to initiate xenophagy of Mtb9' 10, 1 As
recently reportedg' 19, 11, Mtb grew better in Cgas”’~ BMDMs as compared to wild-type
(Fig. 7e, Supplementary Fig. 6). Compared to control ASO treatment, anti-miR-33 and anti-
miR-33* treatment restricted Mtb viability by 32% in wild-type BMDMs, but only 18% in
the xenophagy-deficient Cgas™'~ BMDMs (Fig. 7e). Collectively, these experiments
demonstrate that miR-33 and miR-33* regulate intracellular Mtb survival, in part through
xenophagy.

To assess the effects of Mth induction of miR-33 and miR-33* expression in vivo, we
generated a model of macrophage miR-33 deficiency using bone marrow transplantation,
which has been shown to mediate donor engraftment of alveolar macrophages by more than
90%34. Following reconstitution of C57BL/6 mice with wild-type (WT—WT) or Mir33/~
(Mir33'=—WT) hematopoietic cells, mice were infected with Mtb H37Rv. Analysis of total
lung MRNA expression after 30 and 53 days of Mtb infection showed that Mir33~—WT
mice had higher expression of miR-33- and miR-33*-regulated genes, including Prkaal,
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Lampl, Atg5and Tcfeb, compared to lungs of WT—WT mice (Fig. 8a). Furthermore,
Mir33=—WT mice had lower bacterial burden in the lungs compared to WT—WT mice at
15, 30 and 53 days post infection, indicating that mice with hematopoietic miR-33
deficiency had an improved ability to clear Mtb /n vivo (Fig. 8b). Collectively, these data
support a role for miR-33 in limiting macrophage autophagy, lipid catabolism, and
consequently Mtb elimination (Supplementary Fig. 7).

DISCUSSION

M. tuberculosisis a persistent intracellular pathogen that survives within the hostile
microenvironment of the macrophage by avoiding lysosomal degradation and establishing a
lipid riche niche. Although the autophagy machinery can deliver Mtb to autophagosomes for
degradation, for unclear reasons, only a fraction of infecting tubercle bacilli are cleared by
this mechanism. Our data demonstrate that by inducing expression of the miR-33 locus in
macrophages, Mtb provides brakes on the autophagy pathway. We demonstrate that miR-33
and its passenger strand, miR-33*, repress a complex molecular cascade of key effectors
(ATG5, ATG12, LAMP1, LC3B), activators (AMPK), and transcriptional regulators
(FOXO03, TFEB) of autophagy and lysosome pathways. Repression of autophagy by miR-33
and miR-33* benefits Mtb in two ways: it inhibits xenophagy-mediated bacterial
degradation and blocks lipophagy-regulated catabolism of host-derived lipid stores that are
in turn used by the bacterium as a nutrient source. Silencing of miR-33 and miR-33*
promotes p62- and LC3-targeting of Mtb to the autophagy machinery for degradation and
enhances the anti-mycobacterial capacity of macrophages. Our studies demonstrate that
miR-33 and miR-33* cooperate to regulate integrated pathways involved in autophagy,
lysosomal function and lipid homeostasis, and highlight how manipulation of these host cell
miRNAs during infection can promote Mtb survival.

Our identification of miR-33’s role in regulating autophagy is a prime example of how
miRNAs can fine-tune biological pathways by repressing multiple genes with related
functions. An added dimension to our findings is that this inhibitory activity arises not only
from the actions of the miR-33 guide strand but also from its passenger strand miR-33*. Not
all miRNAs conform to the conventional model in which the “guide strand” is preferentially
loaded into RISC, and recent studies have identified a number of active miRNA* strands,
including miR-126-3p and miR—126-5p26~ 3,36, 37. Unlike miR-33 and miR-33*, the two
strands of the miR-126 duplex regulate distinct sets of target genes to protect from
endothelial damage and atherosclerosisg7. Our findings that miR-33 and miR-33* repress an
overlapping set of target genes in the autophagy pathway suggest a “double hit” model in
which both strands of the miR-33 locus cooperate to regulate a common biological pathway.

We show that y-irradiated Mtb and the cell wall constituents LAM and TDM are sufficient to
induce the miR-33 locus, a response that depends upon NF-kB and leads to impaired fatty
acid p-oxidation and enhanced lipid droplet accumulation. This is in accordance with
previous studies that found that lipid body formation in response to mycobacteria does not
require live bacilli, can be driven by LAM, and is partially dependent upon TLR2% 8, as
well as the observation that miR-33 expression is regulated by NF-Kng. Lipids play an
important and incompletely understood role in Mtb physiology, metabolism and virulence.
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Lipid bodies serve as a secure sanctuary that shelters the bacteria from innate immune
defenses and provide a nutrient-rich environment for replication4ov 41,42, 43. Our results
show that by inducing the miR-33 locus Mtb promotes macrophage lipid stores through two
mechanisms: reduction of autophagy-mediated delivery of lipid droplets to lysosomes for
LAL-mediated lipolysis, and inhibition of cellular fatty acid oxidation. miR-33-driven lipid
body accumulation may work in concert with other anti-lipolytic mechanisms engaged by
Mtb, such as activation of the G protein-coupled receptor GPR109A that blocks the action of
hormone sensitive Iipasezo. In miR-33 and miR-33*-deficient macrophages, the importation
of cellular fatty acids by Mtb is greatly reduced, highlighting the importance of these host
miRNAs in Mth metabolism. Access to host lipids may play a particularly important role
during latent infection, as lipid-laden bacteria acquire characteristics of dormant bacilli,
including resistance to antimycobacterial drugslg' “ These findings provide insight into the
molecular pathways leading to the foamy phenotype of Mth-infected macrophages.

Trafficking through the autophagy pathway depends upon the Mth esxA gene6 and a
prevailing idea is that EsxA damages the phagosomal membrane”> 46 leading to activation
of cytosolic sensors that promote xenophagyev 910,11, 47,48 Notably, the microbicidal
effects of miR-33 and miR-33* inhibitors were markedly reduced in macrophages infected
with the AesxA mutant, demonstrating that autophagy induction by miR-33 inhibition does
not override the EsxA requirement. The importance of autophagy in the microbicidal effects
of miR-33 and miR-33* inhibitors is indicated by their diminished activity in the absence of
Atgl6L1 and cGAS. The retention of antimicrobial activity by miR-33 and miR-33*
inhibitors in cGAS™~ macrophages, which are deficient in xenophagy but not lipophagy,

likely reflects their additional effects on lipid metabolism.

Our data show that Mth employ a novel mechanism of autophagy evasion by inducing the
miR-33 locus to post-transcriptionally limit the autophagy machinery. Although our study
does not discriminate the individual roles of AMPK and other autophagy effectors targeted
by miR-33 and miR-33*, it highlights the importance of miRNAs as orchestrators of
pathway control which can have profound effects on biological processes by causing modest
decreases in multiples genes within a given pathway. It is likely that the influence of miR-33
in innate immune responses extends beyond Mtb given that autophagy has well-described
roles in host defense and inflammatory disorders and that lipid bodies are increasingly
appreciated to play important roles in innate immunity.

ONLINE METHODS

Reagents

For a list of antibodies and primers used, see Supplementary Table 1. The lysosomal acid
lipase inhibitor Lalistatl was provided by Drs. F. Maxfield and A. Rosenbaum (Weill
Cornell Medical College) and the Mtb live-dead plasmid was provided by I. Keren

.o 133
(Northeastern University)™.
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The Institutional Animal Care Use Committee of New York University Medical Center
approved all animal experiments. Six-week old male C57BL/6 mice were obtained from
Jackson Laboratory. Prkab1~"~ mice, which lack AMPK activity as previously described™®
were provided by G.Steinberg (McMaster University). Mir33~ mice, which lack the
miR-33 locus as previously described50 were kindly provided by P. Zamore (University of
Massachusetts). Atg16/1M0%/flox_| y7_Cre mice, kindly provided by K. Caldwell (New York
University), were described previously. Cre-negative Atg16L110X/flox Jittermates were
used as controls. Bone marrow cells isolated from 8-week-old wild-type or Mir33~ mice
were injected (retro-orbital) in lethally irradiated 6-8 week old C57BL/6 males, and
transplanted mice were allowed to recover for 7 weeks prior to infection. LC3-GFP mice
were generously provided by A. Yamamoto (Columbia University). cGAS™~ mice, which
lack the cytosolic DNA sensor cyclic GMP-AMP synthase (cGAS) as described
previously52, were generously provided by H. Virgin (Washington University School of
Medicine).

THP-1 and HEK?293 cells were obtained from American Type Tissue Collection and were
tested monthly for mycoplasma contamination. HEK293 cells were maintained in high-
glucose DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin (P/S). THP-1 cells were maintained in RPMI 1640 media (Sigma)
supplemented with 10% FBS and 1% P/S. THP-1 differentiation into macrophages was
induced using 100 nM phorbol-12-myristate acetate (PMA) for 72 h. Immortalized mouse
embryonic fibroblasts (MEFs) were cultured in high-glucose DMEM supplemented with
10% FBS, 1% P/S, and 1% Glutamax. Stably expressing dual-tagged LC3 (mCherry-EGFP-
LC3) mouse embryonic fibroblast were a gift from the Taylor laboratory and maintained as
previously described™?. Peritoneal macrophages from adult mice were harvested by
peritoneal lavage four days after intraperitoneal injection of thioglycollate, as previously
described™". The cells were maintained in culture as adherent monolayer in medium
containing DMEM, 10% FBS, and 20% L929-conditioned medium. To obtain bone marrow
derived-macrophages (BMDMSs), marrow was flushed from the tibia and femurs of 6-8
week old mice and differentiated into macrophages in DMEM media supplemented with
10% FBS, 1% P/S, and 15% L929-conditioned media for 7 days. For treatment of
macrophages with Mtb ligands, BMDMs were treated for 24h with 5 ug/mL of purified
Lipoarabinomannan (LAM), 2.5 pug/mL of purified Trehalose Dimycolate (TDM) or 10
pg/mL of gamma-irradiated M. fuberculosis (y-Mtb), strain H37Rv (BEI Resources).

Bacterial strains and growth conditions

M. tuberculosis H37Rv was grown at 37°C to log phase in Middlebrook 7H9 broth
supplemented with 0.05% Tween 80, BBL Middlebrook OADC Enrichment, and 0.2% (v/v)
glycerol. The medium contained 25 pg/ml kanamycin for GFP- or dsRed-overexpressing
bacteria or 50 ug/ml hygromycin when containing the live-dead plasmid.
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Bacterial infection

For in vivo M. tuberculosis H37TRv infections, mice were infected via the aerosol route using
an inhalation exposure system from Glas-Col, as previously described™*. A log-phase Mtb
culture was pelleted and subsequently resuspended in PBS containing 0.5% Tween80. After
a centrifugation step for 8min at 120g, the supernatant (single cell suspension) was used to
prepare the inoculum. Bacteria were diluted in 10 mL of sterile water and 5 mL of this
inoculum were loaded into the inhalation exposure nebulizer unit. The aerosol unit was
programmed to deliver ~100 colony forming units (CFU) per animal. The dose of infection
was confirmed on day 1 post-infection by plating whole lung homogenates from 3 mice on
Middlebrook 7H11 agar. Mice were euthanized and the left lung was excised, incubated for
48 h at 4°C in RNAlater (Ambion) and homogenized in Trizol. The right lung was
homogenized in PBS + 0.5% Tween80 through a 70 um cell strainer (BD Falcon). Bacterial
colonies were counted after incubation at 37°C for 15-21 days. The bacterial load
throughout the infection was monitored by harvesting lungs at the indicated times and
plating serial dilutions on Middlebrook agar.

Isolation of alveolar macrophages

On day 17 post-infection, lungs from mice infected with GFP-expressing H37Rv were
harvested54. The lungs were placed in digestion buffer (RPMI 1640, 5% FBS, 10mM
HEPES), cut into 2 mm3 pieces, and incubated with Collagenase D (1 mg/ml, Roche) and
DNasel (30 pg/ml, Roche) at 37°C for 45 min. The tissues were forced through a 70 pm cell
strainer (BD Falcon) to obtain a single cell suspension. Red blood cells were removed using
ACK lysis buffer (155 mM NH3Cl, 10 mM KHCOg3, 88 uM EDTA). For surface staining,
cells were washed and suspended in FACS buffer (PBS, 1% FBS, 1 mM EDTA) containing
antibodies and incubated at 4°C for 20 min. Cells were washed twice in FACS buffer prior to
cell sorting. Alveolar macrophages (CD11cM9"CD11b!°W) were live-sorted from lung
homogenates stained with CD11b-PE (1:500), SiglecF-BV421 (1:200), CD11c-APC
(1:500), ZombieNIR-APCCy7 (1:1500) using an iCyt Synergy sorter in BSL-3 containment.
Dead cells (ZombieNIR™) were gated out while leaving CD11c* in. Subsequently CD11b*
cells were gated out. SiglecF* cells were collected as FITC* (H37Rv-GFP infected) or
FITC™ (uninfected) fractions. Cells were resuspended in Quiazol for subsequent sequential
miRNA and total RNA isolation using the miRNeasy Micro Kit (Qiagen).

miR-33/-33* and anti-miR-33/-33* transfections
Mouse peritoneal macrophages, differentiated THP-1 macrophages, or MEFs were
transfected with 80-120 nM miRIDIAN miRNA mimics (miR-33) or with 80-120 nM
miRIDIAN miRNA inhibitors (anti-miR-33) (Dharmacon) utilizing Lipofectamine
RNAiMax Transfection Reagent (Invitrogen). Control samples were treated with an equal
concentration of a non-targeting control mimics sequence (ctrl miR) or inhibitor negative
control sequence (ctrl inh), to control for non-specific effects in miRNA experiments.

RNA isolation and gRT-PCR

Total RNA was isolated using TRIzol reagent (Invitrogen) and Direct-zol RNA MiniPrep
columns (Zymo Research). For mRNA quantification, cDNA was synthesized using the
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iScript cDNA Synthesis Kit (Bio-Rad). Quantitative real-time PCR was performed in
triplicate using KAPA SYBR FAST Universal 2X qPCR Master Mix (Kapa Biosystems) on
the iCycler Real-Time Detection System (BioRad). The mRNA level was normalized to
GAPDH as a house keeping gene. The following primer sequences were used:

miRNA Quantification

For mature miRNA quantification, the miScript Il RT Kit (Qiagen) was used for reverse
transcription reactions, using HiSpec Buffer, according to the manufacturer’s protocol.
miR-33 and miR-33* miScript miRNA Mimics were used to generate a standard curve of Ct
values (y axis) against log copy number (x axis), according to instructions in Qiagen’s
miScript PCR System Handbook, to ensure equivalent miR-33 and miR-33* primer
efficiencies and for absolute quantification. miScript Primer Assays and miScript SYBR
Green PCR were used on the iCycler Real-Time Detection System (BioRad). For relative
quantification, miRNA levels were normalized to RNU6-2 miScript PCR control (Qiagen).

Argonaute pull-down

RNA Immunoprecipitation (RIP) was performed using an antibody targeting murine
Argonaute-2 (Ago2, Abcam) or control antibodies (IgG) according to the manufacturers’
instructions (Millipore) on lysates from mouse peritoneal macrophages treated with 10
pg/mL of gamma-irradiated Mycobacterium tuberculosis, y-Mtb (strain H37Rv, BEI
Resources) for 24h. Briefly, Ago2 antibodies were bound to magnetic beads and incubated
with peritoneal macrophage lysates at 4°C for 24 h. Coprecipitated RNA was purified,
cleaved from Ago2 by proteinase K. Total RNA was used for quantification by PCR using
Tagman assays (Life Technologies) for miR-33, miR-33*, miR-27b and RNUG6-2. The effect
of y-Mtb on the loading of miR-33, miR-33* and miR-27b into RNA Binding Protein
complex (RBP) was determined by correcting for both RNU6-2 levels and the fraction that
coprecipitated with 1gG antibodies.

Fluorescence microscopy

Cells were fixed in 4% PFA and neutral lipids were stained using BODIPY 493/503 (10
ug/mL) or Nile Red (50 ng/mL), as previously described55. For immunofluorescence, cells
were fixed in 4% paraformaldehyde (PFA), blocked/permeabilized in 2.5% BSA/0.1%
Triton X-100, and stained with the indicated primary antibodies for 1 h at 37°C or at 4°C
overnight. Fluorophore-conjugated secondary antibodies were incubated in the presence of a
neutral lipid stain where applicable. Confocal images of lipid droplets were obtained using a
Leica SP5 confocal microscope with appropriate lasers. Fluorescence microscopy of FOX03
and TFEB was observed using a Nikon Eclipse microscope. mCherry-EGFP-LC3-
expressing cells (provided by Dr. J. Paul Taylor, St. Jude Children’s Research Hospital) and
phagocytosis of fluorescently-labeled apoptotic cells were imaged using a Zeiss Axiovert
200M fluorescent microscope, with Axio Vision 4.8.

3’UTR luciferase reporter assays

Mouse Atg5 (MmiT036882), Ctshb (MmiT026884), Lampl (MmiT092570), Lipa, Mapllc3b
(MmiT034146), Prkaal (MmiT024101), and human ABCA1 (HmiT004727), ATG5
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(HmiT022804), ATG7 (HmiT054679), ATG12 (HmiT055328), LAMP1 (HmiT010534),
MAP1LC3B (HmiT019948), and UVRAG (HmiT018457) pEZX-MTO01 miRNA 3’UTR
target clones were purchased from GeneCopoeia. HEK 293T cells were plated in 96-well
plates and co-transfected with 0.2 ug of the indicated 3’UTR luciferase reporter vectors and
the miR-33 mimic or negative control mimic (Dharmacon) utilizing Lipofectamine 2000
(Invitrogen). Luciferase activity was measured using the Luc-Pair miR Luciferase Assay Kit
(GeneCopoeia). Firefly luciferase activity was normalized to the corresponding Renilla
luciferase activity and plotted as a fold-change relative to control-treated cells. Experiments
were performed in quadruplicate wells of a 96-well plate and repeated at least three times.

Western blotting

Cells were washed twice with ice-cold PBS, scrapped in RIPA buffer with protease and
phosphatase inhibitors, or directly in 2X Laemmli sample buffer (Bio-Rad) for LC3 western
blots. Total protein samples (25-30 pg/well; 60 pg/well for phosphorylated proteins) were
electrophoresed on 8%, 10%, or 18% SDS-polyacrylamide gels and transferred to
nitrocellulose or PVDF membranes at 125V for 2h. For LC3 detection, 18% gels were used
and transferred onto 0.2 pm PVVDF membranes. All membranes were incubated overnight
with the appropriate antibodies, and proteins were visualized using appropriate secondary
antibodies conjugated to IR-dyes (Rockland) and scanned using the Odyssey Imaging
System (Licor) as described previoustSS, or alternatively proteins were detected using an
enhanced HRP-based chemiluminescence detection system (HRP-conjugated secondary
antibodies from Amersham Biosciences and SuperSignal West Femto Maximum Sensitivity
Substrate from Pierce) and analyzed using a FluorChem Imager (Alpha Innotech).

Seahorse Extracellular Flux Analysis

BMDMs were seeded into XF24 cell culture microplates (Seahorse Bioscience) and
transfected with anti-miR-33 or control anti-miR as described above, and 48 h later oxygen
consumption and extracellular acidification rates (OCR and ECAR respectively) were
quantified using the XF&24 instrument (Seahorse Bioscience, Boston, MA) according to the
manufacturer’s protocol. For glycolysis assessments, the XF Glycolysis Stress Test Kit was
used according to the manufacturer’s protocol. For cellular fatty acid oxidation (FAO)
quantification, the OCR was measured following exposure to BSA-conjugated palmitate
(200 uM) in Krebs-Henseleit Buffer (KHB; 111 mM NaCl, 4.7 mM KCI, 2mM MgSQOy, 1.2
mM NayHPOy, 2.5 mM Glucose, 0.5 mM Carnitine) using the XF®24 instrument and the XF
Cell Mito Stress Test kit.

Intracellular bacterial survival assays

To assess bacterial survival /n vitro, BMDMSs were infected with a single cell suspension of
mycobacteria at a multiplicity of infection (MOI) of ~3 as previously described”’. 4h post-
infection, macrophages were extensively washed with PBS and were lysed with 0.2% Triton
X-100 at the indicated time points. Serial dilutions of the lysates were plated on 7H11 agar
plates and CFU were counted 15-21 days later. Alternatively, Mtb viability was assessed by
performing a ‘live-dead assay’ using wild type H37Rv or H37Rv desxA constitutively
expresssing mCherry and inducibly express GFP under control of a tertracycline-inducible
promoter”. The AesxA mutant was generously provided by William Jacobs Jr. (Albert
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Einstein College of Medicine) and the “live-dead” plasmid was generously provided by Iris
Keren (Northeastern University). For these survival assays, primary mouse peritoneal
macrophages or BMDMs were seeded in 8-well Lab-Tek chamber slides (Thermo Scientific)
and treated with miRNA inhibitors (Dharmacon) 2 days prior to infection with a single cell
suspension of wild type or desxA Mtb at a MOI of 5. For the IFN-vy-treated sample,
macrophages were treated with 200 units/mL of IFN-y 24 h prior to infection. Four hours
after infection, the media was removed, and macrophages were washed, as previously
described56. 24 h prior to fixation, anhydrotetracycline (200nM) was added to the cells to
induce bacterial GFP expression. Metabolically active Mtb will express both mCherry and
GFP, whereas bacteria that are dead or metabolically inactive only fluoresce red. At 24 h and
48 h post-infection, cells were fixed in 4% PFA for 24 h, and counterstained with 4°,6-
Diamidino-2-Phenylindole (DAPI - Sigma) at 0.5 pg/mL prior to mounting with Fluorescent
Mounting Medium (Dako). Cells were visualized using Confocal Microscopy (Zeiss 600
System) and bacterial viability was scored in 6 different fields as the percentage of red
bacteria that also exhibited green fluorescence. For the p62 staining, wild type H37Rv Mtb
expressing GFP was used.

PCR array gene expression profiling

Statistics

Total RNA was extracted from peritoneal macrophages transfected with miR-33, miR-33* or
control mimics, or alternatively with anti-miR33, anti-miR33* or control anti-miR, as
described above. Reverse transcription was performed on 1pg total RNA using the RT? First
Strand kit and quantitative real-time PCR (QRT-PCR) analysis of 84 key genes involved in
autophagy was performed using Mouse Autophagy RT2 Profiler PCR Arrays (PAMM-084,
SABiosciences) as per the manufacturer’s protocol. Data analysis was performed using the
manufacturer’s integrated web-based software package for the PCR Array System using
AACt based fold-change calculations. The array data have been deposited in the Gene
Expression Omnibus Database under accession number GSE79055.

Data are presented as mean + the standard error of the mean (s.e.m), and the statistical
significance of differences was evaluated with the Student’s t test. Significance was accepted
at the level of P 0.05. For multiple group comparisons, analysis of variance (ANOVA) tests
were performed. The Tukey and Dunnett tests were used as follow-up tests to the ANOVAsS,
where the Tukey test was used to compare every mean with every other mean, and the
Dunnett test was used when comparing every mean to a control mean.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. M. tuberculosis infection upregulates the miR-33 locus in macrophages
(a) gPCR quantification of miR-33, miR-33*, and Srebf2levels in peritoneal macrophages

infected with H37Rv Mtb for 48 h. (b) gPCR quantification of Srebf2and pre-miR-33 in
BMDMs treated with lipoarabinomannan (LAM; 5 pug/mL) or trehalose dimycolate (TDM;
2.5 ug/mL) 3 h (Srebr2) or 24 h (pre-miR-33) after treatment. (c) gPCR quantification of
miR-33 and miR-33* expression in mouse embryonic fibroblasts (MEF) and peritoneal
macrophages (Pmac). The mmu-miR-33 stem loop structure with the guide (miR-33; blue)
and passenger (miR-33*; red) strand are shown at right. (d) Co-precipitation of endogenous
miR-33, miR-33* or miR-27b (control) with Argonaute2 in peritoneal macrophages treated
with vehicle (control) or gamma-irradiated Mtb (y-Mtb; 10 pg/mL). (e) Quantification of
miR-33 and miR-33* expression in GFP* (infected) or GFP~ (uninfected) alveolar
macrophages isolated from mice infected with a GFP-expressing H37Rv Mtb strain for 2
weeks. (f) Quantification of Srebf2, miR-33and miR-33* levels in BMDMs treated with -
Mtb in the absence (Unstim) or presence of the NFkB inhibitor BAY11-7082 (BAY; 1 uM).
Data are expressed as fold-change for the y-Mtb treatment relative to untreated for each time
point and dotted lines dileneate the threshold of control. *~<0.1, **~<0.05 (Students’ t-test
(a, d, e), one-way ANOVA (b), two-way ANOVA (c, f)). Data are from one experiment
representative of 3 independent experiments with similar results (a, f; mean + s.e.m). Data
are from 2 experiments (b, ¢, d; mean + s.e.m). Data are from 3 mice (e; mean £ s.e.m).
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Figure 2. miR-33 and miR-33* reduce fatty acid oxidation and promote lipid body formation in
M. tuberculosis-infected macrophages

(a) Oxygen consumption rate (OCR) of BMDM s cultured with y-Mtb for 6h and
sequentially treated with Oligo, FCCP and rotenone plus antimycin (Rtn/AA) at the
indicated times (arrows), measured in real time and presented as change in pMoles per unit
time. (b) Maximal OCR of WT or miR-33"~ BMDM:s cultured with y-Mtb for 6h measured
in real time and presented as change in pMoles per unit time (OCR). (c)
Immunofluorescence imaging of BODIPY-stained lipid droplets in control anti-miR, anti-
miR-33 or anti-miR-33* treated THP-1 macrophages infected with H37Rv for 24h. Scale
bar = 25um. (d) Immunofluorescence (IF) imaging of WT or miR-33"/~ macrophages
incubated with BODIPY-FL-C15 and BSA-conjugated oleic acid for 48 h to label nascent
lipid droplets and then infected with DsRed-H37Rv Mtb for 6h. Scale bar = 25um. (e) IF
imaging of BODIPY-stained lipid droplets in ctrl anti-miR, anti-miR33 or anti-miR33*
treated macrophages, incubated with or without an inhibitor of lysosomal acid lipase (LALI,
10uM) for 8h. Scale bar = 10um. NS, not significant, */~<0.05, **P<0.005 (Student’s t-test
(b), one-way ANOVA (e)). Data are from one experiment representative of 3 (a, b; mean £
s.e.m, and d) or 2 (c and e; mean = s.e.m) independent experiments with similar results.
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Figure 3. Regulation of human and mouse autophagy gene targets by miR-33 and miR-33*
(a—b) 3’'UTR-luciferase reporter activity of human autophagy gene targets in HEK293 cells

transfected with control (ctrl) mimics or (a) hsa-miR-33a or (b) hsa-miR-33a* (left panels).
Western blotting of lysates from human THP-1 macrophages treated with control (ctrl)
mimics or (a) hsa-miR-33a or (b) hsa-miR-33a* (right panels)., HSP90 is shown as an
internal control (right). (c—d) 3’UTR-luciferase reporter activity of mouse autophagy gene
targets in HEK293 cells transfected with control mimics or (¢) mmu-miR-33 or (d) mmu-
miR-33* (left panels). Western blotting of lysates from mouse peritoneal macrophages
treated with control mimics or (¢) mmu-miR-33 or (d) mmu-miR-33* (right panels). (e, f)
MRNA levels of Atg5, Lampl and Prkaal in peritoneal macrophages transfected with (e)
mmu-miR-33 or anti-miR33 or (f) mmu-miR-33* or anti-miR-33*. (g) qPCR analysis of
miR-33 and miR-33* target gene MRNA expression in wild type (WT) and Mir337~
BMDMs. (h) Quantification of miR-33 and miR-33* gene targets in GFP* (infected) or
GFP~ (uninfected) alveolar macrophages isolated from mice infected with a GFP-expressing
H37Rv Mtb strain for 2 weeks. *£<0.1, **/<0.05, ***P<0.005 (Student’s t-test (a—d, g, h),
one-way ANOVA (g, f)). Data are from one experiment representative of 3 (a—f; mean +
s.e.m) or 2 (g; mean * s.e.m) independent experiments. Data are from 3 mice (h; mean
s.e.m).
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Figure 4. miR-33 and miR-33* repress AMPKa and downstream transcription factors
controlling autophagy and lysosomal gene programs

(a) Western blotting of lysates from peritoneal macrophages treated with anti-miR-33 or
anti-miR-33* or control (ctrl) miR in the presence or absence of the AMPK inhibitor
compound C (Ampk/, 5 uM). (b, ¢c) mRNA levels of Foxo3, Tcfeband their downstream
transcriptional targets in peritoneal macrophages transfected with (b) miR-33 and (c)
miR-33* mimics or inhibitors as indicated. (d) Foxo3and (e) 7Tcfeb mRNA in wild-type
(WT) or Ampk™~ BMDMs treated with mmu-miR-33, -33*, or Ctrl mimic. (f)
Immunofluorescence (IF) imaging of FOXO3a and TFEB in green, F-actin (red) and DAPI
(blue) in wild-type (WT) and Mir33'~ BMDMs. (g) Quantification of Foxo3, Tcfeband
their downstream transcriptional targets (right) in WT and Mir337'~ BMDMs. (h)
Quantification of Foxo3, Tcfeband their downstream transcriptional targets in GFP*
(infected) or GFP~ (uninfected) alveolar macrophages isolated from mice infected with a
GFP-expressing H37Rv Mtb strain, 2 weeks post-infection. *£<0.1, **£<0.05, ***A<0.005
(Student’s t-test (b—c, g, h), one-way ANOVA (d, ¢)). Data are from one experiment
representative of 3 ((b, ¢, g; mean £ s.e.m)) or 2 ((a, f) independent experiments. Data are
from 2 experiments (d, e; mean + s.e.m). Data are from 3 mice (h; mean £ s.e.m).
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Figure 5. miR-33 and miR-33* cooperatively inhibit macrophage autophagy
(a) Immunofluorescence (IF) imaging of mCherry-EGFP-LC3 mouse embryonic fibroblasts

treated with anti-miR33, anti-miR33* or Ctrl anti-miR to assess autophagy flux. GFP and
mCherry co-expression in autophagosomes is visible as yellow puncta in the merged
imaged. Fusion of autophagosomes with lysosomes diminishes the pH-sensitive GFP signal
increasing red fluorescence in autophagolysosomes. (b) 3’UTR-luciferase reporter activity
in HEK293 cells transfected with control (ctrl) mimic, miR-33 or miR-33*, or both. (c) IF
imaging of LC3 in peritoneal macrophages treated with control mimic, miR-33, miR-33* or
both together. Quantification of cellular LC3 puncta is shown at right, (d) IF imaging of LC3
in WT and m/R-33~~ macrophages. Quantification is shown at right. */<0.1, ** £<0.05
(one-way ANOVA (a, b, c), two-way ANOVA (d)). Data are from one experiment
representative of 2 (a, ¢, d; mean = s.e.m)) or 3 (b; mean + s.e.m) independent experiments.
Scale bar = 10 um (a, b, d).
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Figure 6. Silencing of miR-33 and miR-33* enhances Mtb targeting by the autophagy machinery
(a) Immunofluorescence (IF) imaging of peritoneal macrophages infected with GFP-tagged

H37Rv Mtb (green), p62 (red) and DAPI (blue) for 24 h and treated with control (ctrl) miR,
anti-miR33 or anti-miR33*, or both. Quantification of p62 co-localization with Mtb shown
at right. (b) IF imaging of peritoneal macrophages infected with GFP-tagged LC3 (green),
H37Rv Mtb (red) and DAPI (blue) for 24h and treated with control (ctrl) miR, anti-miR33 or
anti-miR33*, or both. Quantification of LC3 co-localization with Mtb shown at right. (c—d)
IF imaging of (c) p62 (green) or (d) LC3 in wild type (WT) and Mir33'~macrophages
infected with DsRed-H37Rv or DsRed-AesxA Mtb strains. Quantification is shown at right.
*P<0.1, **FA<0.05 (one-way ANOVA (a-b), two-way ANOVA (c—d)). Data are from one
experiment representative of 2 (a, b, d) or 3 (¢) independent experiments with similar
findings. Scale bar = 10 um (a—d).
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Figure 7. Inhibition of miR-33 and miR-33* enhances targeting of M. tuberculosis for autophagy
and bacterial killing
(a) Immunofluorescence imaging of peritoneal macrophages treated with control anti-miR,

anti-miR-33, anti-miR-33*, or IFN-y (200 units/mL) and infected with an Mtb H37Rv strain
co-expressing mCherry and anhydrotetracycline-inducible GFP for 48 h. Metabolically
active Mtb are GFP and mCherry positive, whereas inactive or non-viable bacteria are
mCherry positive only. Scale bar = 25 um. Quantification of bacterial viability in peritoneal
macrophages infected with Mtb H37Rv or AesxA mutant strain shown on the right. (b—c)
Quantification of Mtb survival in wild type (WT) or miR-33"'~ BMDMs treated with or
without IFN-y (200 units/mL) using (b) the dual fluorescence viability assay as in (a), or (c)
colony forming units (CFU) 5 days post-infection. (d) Mtb survival in wild type (WT) or
Atg16/17- BMDM:s treated with control anti-miR, anti-miR-33 or anti-miR-33*, measured
by CFU 5 days post-infection. (€) Mtb survival in wild type (WT) or cGAS™~ BMDMs
treated with control anti-miR, anti-miR-33 or anti-miR-33*, measured by CFU 5 days post-
infection. NS, not significant; */~<0.05, **P<0.005 (Two-way ANOVA (a—¢)). Data are from
one experiment and are representative of 2 independent experiments (a-e; mean + s.e.m)
with similar findings.
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Figure 8. Hematopoietic miR-33 deficiency enhances autophagy gene expression in the lung and

reduces Mtb burden in mice

Analysis of (a) gene expression and (b) bacterial counts in the lungs of wild type
(WT—WT) and Mir337'~ (Mir33'~—WT) bone marrow chimeric mice infected with
H37Rv Mtb for the indicated time post-infection (p.i). *~<0.05, **P<0.005 (Student’s t-test
(a, b)). Data are from 5 mice (a, b; mean + s.e.m).
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