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Abstract

For efficient clearance of Mycobacterium tuberculosis (Mtb), macrophages tilt towards

M1 polarization leading to the activation of transcription factors associated with the pro-
duction of antibacterial effector molecules such as nitric oxide (NO) and proinflammatory
cytokines such as interleukin 1  (IL-18) and tumor necrosis factor a (TNF-a). At the same
time, resolution of inflammation is associated with M2 polarization with increased produc-
tion of arginase and cytokines such as IL-10. The transcriptional and post-transcriptional
mechanisms that govern the balance between M1 and M2 polarization, and bacteria-con-
taining processes such as autophagy and trafficking of Mtb to lysosomes, are incom-
pletely understood. Here we report for the first time, that the transcription factor KLF4 is
targeted by microRNA-26a (miR-26a). During Mtb infection, downregulation of miR-26a
(observed both ex vivo and in vivo) facilitates upregulation of KLF4 which in turn favors
increased arginase and decreased iNOS activity. We further demonstrate that KLF4 pre-
vents trafficking of Mtb to lysosomes. The CREB-C/EBP signaling axis also favors M2
polarization. Downregulation of miR-26a and upregulation of C/ebpbeta were observed
both in infected macrophages as well as in infected mice. Knockdown of C/ebpbeta
repressed the expression of selected M2 markers such as //10 and Irf4 in infected macro-
phages. The importance of these pathways is substantiated by observations that expres-
sion of miR-26a mimic or knockdown of Kif4 or Creb or C/ebpbeta, attenuated the survival
of Mtb in macrophages. Taken together, our results attribute crucial roles for the miR-26a/
KLF4 and CREB-C/EBPsignaling pathways in regulating the survival of Mtb in macro-
phages. These studies expand our understanding of how Mtb hijacks host signaling
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pathways to survive in macrophages, and open up new exploratory avenues for host-tar-
geted interventions.

Author summary

The ability of Mycobacterium tuberculosis (Mtb) to establish infection depends on its abil-
ity to evade the early innate immune defense mechanisms, exploiting the transcriptional
and post-transcriptional regulatory mechanisms of host macrophages. We have used the
macrophage infection model to understand Mtb-triggered innate immune responses. We
have coupled global gene expression analysis and microRNA profiling previously carried
out in our laboratory to understand transcriptional and post-transcriptional networks
associated with infection of macrophages by Mtb. We demonstrate how Mtb exploits
macrophage signaling pathways to orchestrate a response which dictates a bias towards
M2 polarization, decreased expression of antibacterial effectors such as NO and decreased
trafficking of Mtb to lysosomes. miR-26a targets KLF4. KLF4 tilts the macrophage
response towards production of arginase and inhibition of autophagy. Further, CREB-
dependent synthesis of C/EBPp also favors the production of arginase as well as markers
of M2 polarization such as IL-10. The miR-26a/KLF4 and CREB-C/EBP signaling cas-
cades converge upon pathways that are of benefit to bacterial survival in its intracellular
niche. These crucial findings should in the long run, add value to the efforts towards
developing host-targeted therapeutic strategies.

Introduction

Tuberculosis (TB) caused by the pathogen Mycobacterium tuberculosis (Mtb) is a global health
problem. According to the World Health Organization’s global tuberculosis report of 2015, 9.6
million people fell ill with TB in 2014[1]. In order to circumvent the problems of drug resis-
tance, host directed therapies are increasingly being recognized as alternate strategies for com-
bating TB. Such approaches require understanding of the interplay between pathogen and
host. Macrophages are central to the control of TB. However, the bacterium resides within this
bactericidal niche by co-opting host pathways and processes for its own benefit. It is therefore
of utmost importance to understand the dynamic regulation of the macrophage response to
Mtb infection and to identify key molecules which dictate the balance in the crosstalk between
the host and the pathogen.

A simplified view of macrophage polarization suggests that classical activation triggers differ-
entiation of macrophages into the M1 phenotype characterized by the production of inflamma-
tory cytokines such as tumor necrosis factor o. (TNFa) and interleukin (IL)-6, as well as reactive
oxygen and nitrogen species. On the other hand, alternate activation generates M2 macrophages
which produce anti-inflammatory cytokines such as IL-10 and show increased expression of
arginase 1 (Argl) [2]. Arginine metabolism is central to the M1/M2 balance [3]. The balance
between the enzymes inducible nitric oxide synthase (iNOS) and Argl is tilted in favor of the for-
mer in M1, and in favor of the latter in M2 macrophages. Loss of Argl is associated with low bac-
terial burdens in the lungs of mice [4,5]. Lung granulomas in mice lacking Argl occupy a smaller
fraction of the total lung area compared to the wild type lungs. In the light of these observations,
it is particularly relevant to understand the repertoire of transcription factors that regulate the
iNOS/arginase balance and the balance between pro- and anti-inflammatory cytokines.
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The family of Kriippel-like factors (KLFs) have 17 members with highly conserved C-termi-
nal DNA binding domains consisting of three C2H2 zinc fingers that bind to GC-box or
CACCC-box motifs [6]. The non DNA-binding regions are divergent and mediate interac-
tions with co-regulators. KLF4 binds DNA in heterochromatin converting chromatin to an
open form and facililitates binding of other transcription factors. Several of the KLFs play
important roles in host-pathogen interactions and macrophage polarization [7-12]. KLF4
inhibits M1 and activates M2 polarization [10, 11].

C/EBP is one among several transcription factors in addition to KLF4, which activates M2
polarization. It has two isoforms. The full length form, LAP usually activates gene expression,
whereas the shorter isoform LIP, lacking the transactivation domain, usually performs a
repressive function[13,14]. C/EBP has a context-specific role in inflammation and M1/M2
polarization [15, 16]. BCG-induced arginase 1 expression in macrophages is dependent on C/
EBPR [17]. In response to IL-4, STAT6 and C/EBPp assemble at an enhancer element
upstream of the basal arginase 1 promoter [18,19]. C/EBP is therefore likely to be a pivotal
transcription factor in dictating the M1/M2 balance during Mtb infection. The transcription
factor CREB is an activator of C/EBPf expression [20].

MicroRNAs (miRNAs) are small RNAs of 22 nucleotides which regulate gene expression to
modulate biological processes including immune cell development and immune-related func-
tions [21-24]. Base complementarity between an miRNA and its target usually involves a
sequence located in the 3’-untranslated region (3’-UTR) of the target. Identical base pairing
generally results in mRNA cleavage, whereas imperfect base pairing results in translational
repression of the mRNA target [25-28]. MicroRNAs have emerged as key regulators of the
response of macrophages to Mtb infection; controlling inflammation [29, 30] recruitment of
neutrophils to the lung [31] and autophagy [32, 33], among other processes.

In this paper, we have analyzed the transcriptome of Mtb-infected macrophages, listed the
transcription factors (TFs) that are differentially regulated during infection, and narrowed
down on a set of TFs that are reportedly involved in dictating the balance of M1/M2 polariza-
tion. Specifically, the TFs KLF4 and C/EBPp were transcriptionally downregulated and upre-
gulated respectively during Mtb infection. However, expression of the KLF4 protein was
enhanced during infection, indicating uncoupling of transcriptional and translational regula-
tion. We report that an miRNA-driven mechanism is linked to this uncoupling. We validate
that KLF4 is a target of miR-26a-5p (hereafter referred to as miR-26a) in RAW264.7 and pri-
mary mouse and human macrophages. We have linked the downregulation of miR-26a during
infection with the translational upregulation of KLF4. The downregulation of miR-26a was
further confirmed in the lungs, spleen and lymph nodes of Mtb-infected mice. In addition to
KLF4, upregulation of C/EBPB and CREB also favors M1 to M2 polarisation with an increased
production of M2 markers and decreased production of M1 markers in Mtb infected macro-
phages. Importantly, KLF4 upregulates Mcl-1 expression thereby repressing autophagy during
Mtb infection as well as the trafficking of Mtb to lysosmes. In summary, we establish how Mtb
infection triggers transcriptional and post-transcriptional signaling pathways in macrophages
that converge to favor M2 polarization and repress autophagy, both associated with increased
survival of the pathogen.

Results

The transcription factors KLF4 and C/EBP are differentially regulated in
Mtb-infected macrophages

A heat map of transcription factors (TFs) that are differentially regulated during Mtb infection,
was generated from the analysis of global gene expression profiles during Mtb infection of
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RAW?264.7 (S1 Fig). Macrophage polarization is transcriptionally regulated by discrete sets of
TFs [10, 34]. From the heat map, we focused selectively on two transcription factors which reg-
ulate M1/M2 polarization in macrophages, KLF4 and C/EBPP. KIf4 was downregulated and C/
ebpbeta was upregulated in macrophages, 24 h post-infection. We validated the gene expres-
sion data by qRT-PCR of Kif4 and C/ebpbeta expression in infected macrophages (Fig 1A and
1B). We then checked the expression of KLF4 at the level of protein. Intriguingly, the expres-
sion of the KLF4 protein was upregulated during infection (Fig 1C). Several post-transcrip-
tional regulatory mechanisms could potentially be associated with the inverse relationship
between KLF4 mRNA and protein levels. Since increase in KLF4 expression during infection
could not be linked to transcriptional regulation, we investigated a possible miRNA-dependent
mechanism of translational upregulation of KLF4. We searched for an inverse relationship
between KLF4 and miRNA expression during infection. Tagman Low Density Array (TLDA)-
based miRNA profiling provided a list of miRNAs that are downregulated in Mtb-infected
RAW264.7. We narrowed down to miRNAs with putative binding sites in the KIf4 3’-UTR.
Using TARGETSCAN and Pic Tar, a list of predicted KIf4-targeting miRNAs was compiled
(S1 Table) with the inclusion criteria that (a) the miRNA was predicted to target Kif4 using
both the algorithms; (b)it was perfectly conserved in humans and in mice and (c) it was down-
regulated both at 4 and 24 h of infection. miR-26a was considerably downregulated both at 4
and 24 h post-infection. mmu-miR-200b-3p, miR-200c-3p and miR-26b-5p were downregu-
lated to a lesser extent than miR-26a at 4 h post-infection. The extent of downregulation of
miR-128-3p was much less than that of miR-26a at 24 h post-infection. Considering that KLF4
levels remained well above basal levels even at 24 h post-infection (Fig 1C), we narrowed down
on miR-26a. The seed sequence for miR-26a binding was conserved in the KIf43’UTR across
several species (Fig 1D). HEK293 cells were transfected with a luciferase-based reporter plas-
mid harboring a constitutive luciferase gene fused to the Kif4 3’UTR. Cotransfection of a miR-
26a mimic, inhibited the luciferase activity (Fig 1E). Mutating the miR-26a seed sequence in
the Kif4 3°UTR, relieved the fused luciferase gene from the repressive effects of miR-26a (Fig
1F). These results suggested that miR-26a targets the Kif4 3’'UTR. In order to test whether KIf4
is a bona fide target of miR-26a we tested whether Kif4 associates with the RNA-induced
silencing complex (RISC) upon overexpression of miR-26a. Based on the principle that the
miRNA acts as a template for binding complementary sequences of mRNA and activates Argo-
naute (Ago), we transfected c-Myc-tagged Ago2-expressing construct and either a control or
an miR-26a mimic. Immunoprecipitation with Myc-agarose followed by qRT-PCR for KIf4,
confirmed enrichment of KIf4 in the immunoprecipitates (Fig 1G). Taken together, these data
supported the view that Kif4 is a bona fide miR-26a target.

The Klf4-targeting miRNA, miR-26a is differentially regulated during Mtb
infection

Before progressing further, we validated the downregulation of miR-26a in infected macro-
phages by Northern blotting. miR-26a levels progressively decreased over a period of time in
both infected RAW264.7, murine bone marrow-derived macrophages (BMDM:s) and human
monocyte-derived macrophages (hMDMs)(Fig 2A-2C). miRNAs are synthesized from a long
primary transcript designated pri-miRNA. We observed that pri-miR-26a also decreased in
macrophages 24 h after infection (Fig 2D and 2E). In order to gain an understanding whether
the downregulation of miR-26a is of relevance to infection, we scored for bacterial CFUs in
RAW264.7 or in BMDM:s or in hMDMs infected with Mtb either in the presence or absence of
miR-26a mimic or inhibitor. Survival of Mtb was compromised in the presence of miR-26a
mimic both in murine (Fig 2F and 2G) or in human (Fig 2H) macrophages. On the other
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with miR-26a mimic (or control mimic). After 24 h of transfection, luciferase assays were performed. Readings were normalized to $-galactosidase
activities. (G) Association of miR-26a with KIf4. RAW 264.7 cells were cotransfected with c-myc-Ago2 in the presence or absence of miR-26a mimic for 24 h
followed by lysis of cells and immunoprecipitation with either anti-c-myc-agarose or protein A/G-agarose (ctrl). gqRT-PCR was performed to confirm the
presence of Kif4in the immunoprecipitates of cells transfected with miR-26a. Results in panels A,B, E-G represent means + SEM (n = 3). The blot in (C) is
representative of three experiments. ** p<0.01; *** p<0.001.

https://doi.org/10.1371/journal.ppat.1006410.g001

hand, it was augmented in the presence of a miR-26a inhibitor in RAW264.7 (Fig 2I). Neither
the miR-26a mimic nor the miR-26a inhibitor altered cell viability during the time period
studied (S2A-S2D Fig). These results suggested that miR-26a downregulation likely helps in
the establishment of infection. Interestingly, miR-26a levels were lower in lungs, spleen and
lymph nodes of infected animals 12 weeks after infection, compared to uninfected mice (Fig
2J-2L(Northern blots), and S2E-S2G Fig (quantification of Northern blots by densitometric
scanning). The differential expression of miR-26a, suggested that this could be of likely rele-
vance to infection.

miR-26a regulates KLF4 during infection

In order to test whether miR-26a regulates KLF4 expression, we analyzed the levels of KLF4
protein in infected macrophages, either in the presence of a control mimic or in the presence
of a miR-26a mimic. KLF4 levels increased over time in cells transfected with control mimic,
but this increase was repressed in the presence of the miR-26a mimic in RAW264.7 cells,
hMDMs and BMDMs (Fig 3A-3D). miR-26a was downregulated in THP-1 macrophages, and
KLF4 was repressed in the presence of a miR-26a mimic in these cells also (S3 Fig). At the
same time, KLF4 levels were augmented in cells infected in the presence of a miR-26a inhibi-
tor, compared to cells infected in the presence of a control inhibitor (Fig 3E). These results
clearly suggested that miR-26a downregulation during infection is one of the likely reasons for
the increase in KLF4 protein levels over time. KLF4 levels are also regulated by proteasomal
degradation of the protein [35]. In order to rule out the possibility that miR-26a exerts its
effects via the proteasomal machinery, cells were pretreated with the proteasomal inhibitor
MG132 prior to incubation with a miR-26a mimic (or control mimic). The repression in KLF4
levels associated with transfection of a miR-26a mimic prior to infection, occurred even in the
presence of MG132 (Fig 3F) supporting the notion that miR-26a mediates its effects in a pro-
teasome-independent manner.

KLF4 and miR-26a regulate the balance between arginase and inducible
nitric oxide synthase (iNOS) expression in Mtb-infected macrophages,
and bacterial survival

M1 macrophages are characterized by the production of reactive oxygen species (ROS) and
reactive nitrogen species (RNS) which are key to the elimination of intracellular pathogens.
M2 macrophages, on the other hand, produce anti-inflammatory cytokines such as IL-10, as
well as arginase 1 (Argl) which competes with iNOS for the substrate arginine. In the light of
reports that KLF4 tilts the balance towards M2 polarization [10], we tested the role of KLF4 in
regulating iNOS and arginase activities. Silencing of KIf4 (Fig 4A) repressed Mtb-induced argi-
nase activity (Fig 4B and 4C) while augmenting Mtb-induced nitrite production (Fig 4D and
4E) and the expression of iNOS (Fig 4F), supporting the view that KLF4 is critical in regulating
the iNOS/arginase balance during Mtb infection. In harmony with these results, transfection
of cells with miR-26a mimic prior to infection, repressed arginase activity (Fig 4G and 4H)
while augmenting nitrite production (Fig 41 and 4]) and iNOS expression (S4A Fig). Con-
versely, miR-26a inhibitor repressed Mtb-induced nitrite production (Fig 4K) but augmented
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arginase activity (Fig 4L). The role of miR-26a in transcriptional regulation of the iNOS/argi-
nase balance was further strengthened by our observations that Mtb-induced iNOS promoter
activity was enhanced in cells transfected with a miR-26a mimic, whereas arginase promoter
activity was inhibited (S4A and S4B Fig). miR-26a therefore emerged as a novel miRNA regu-
lating M1/M2 polarization during Mtb infection. The role of KLF4 in allowing the pathogen to
establish itself in its intracellular niche was further supported by our observations that silenc-
ing of KIf4 attenuated bacterial counts in macrophages (Fig 5A and 5B), in line with the effect
of transfection of the miR-26a mimic on bacterial CFUs. In order to elucidate the role of NO
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transfected with control mimic or with miR-26a mimic (A-D, F); or with control inhibitor or miR-26a inhibitor (E) prior to infection. (F) RAW264.7 cells
were transfected with control mimic or with miR-26a mimic, then treated with MG132; prior to infection with Mtb. Time-dependent expression of KLF4
was analyzed by Western blotting. The data shown in panels A, B, D-F are representative of three independent experiments; the data shown in panel
C is representative of two independent experiments. Intensities of bands were measured by densitometric scanning. The fold change was calculated
with respect to uninfected cells.

https://doi.org/10.1371/journal.ppat.1006410.9003
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Fig 4. KLF4 and miR-26a regulate arginase and iNOS activities in Mtb-infected macrophages. (A-F) RAW264.7 cells (A,B,D)
or BMDMs (C,E) were transfected with either control siRNA or Kif4 siRNA for 48 h prior to infection with Mtb for different periods of
time, followed by measurement of arginase activity (B,C), nitrite production (D,E) or Western blotting of lysates for KLF4(A) or iNOS
(F). For B-E, results are means + SEM, n = 3. For A and F, blots are representative of results obtained in three separate experiments.
(G-L) RAW264.7 cells (G,]) or BMDMs (H,J) were transfected with control mimic or miR-26a mimic; or RAW264.7 cells were
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transfected with control inhibitor or miR-26a inhibitor (K,L) prior to infection with Mtb. Arginase activity (G,H,L) or nitrite production
(I-K) was measured at different periods of time after infection. Results are means + SEM, n = 3. ** p<0.01; *** p<0.001. For (F),
intensities of bands were measured by densitometric scanning. The fold change in iINOS was calculated with respect to uninfected
cells.

https://doi.org/10.1371/journal.ppat.1006410.9004

in the KLF4- or miR-26a-dependent control of bacterial CFUs, we transfected cells with Kif4
siRNA prior to infection. Following infection, cells were incubated with L-NAME (an inhibi-
tor of INOS) and bacterial counts were determined at different time points. Under conditions
of Kif4 knockdown, bacterial counts were higher in infected cells when the cells were treated
with L-NAME after infection, compared to cells that were not treated with L-NAME (Fig 5C),
suggesting that KLF4 regulates bacterial survival at least in part through regulating iNOS (Fig
4E) and NO (Fig 4F) levels.

Overexpression of miR-26a augments autophagy in Mtb-infected
macrophages

Host-directed molecules which redirect macrophage signaling towards activation of the xeno-
phagic pathway during Mtb infection could offer the means of complementing Mtb-directed
drugs towards improved therapeutic regimens. In an effort to understand the role of miRNA-
transcription factor crosstalk in regulating Mtb-induced autophagy in macrophages, we ana-
lyzed the role of miR-26a in this process. Transfection of macrophages with miR-26a mimic
prior to infection, augmented the Mtb-induced conversion of LC3-I to LC3-II as assessed by
Western blotting (S5A and S5B Fig). In addition, Map1lc3b levels were also augmented in
these cells (S5D Fig). Fluorescence microscopy confirmed the increased formation of LC3
puncta in infected murine (Fig 6A-6D) and human (Fig 6I and 6]) macrophages. At the same
time, a miR-26a inhibitor, repressed the formation of LC3 puncta associated with Mtb infec-
tion (Fig 6E-6H), suggesting that the infection-associated downregulation of miR-26a
represses autophagy.

Kif4 silencing augments autophagy in Mtb-infected macrophages

The role of the miR-26a/KLF4 axis in regulating autophagy was further evaluated by silencing
Kif4 prior to infection. The conversion of LC3-I to LC3-II (S5C Fig), levels of Map1lc3b (S5E
Fig), as well as the formation of LC3 puncta (Fig 7A-7D) were enhanced upon Kilf4 knock-
down. Further, the enhancement of LC3 puncta formation in the presence of a miR-26a
mimic, was reversed when KLF4 was concomitantly overexpressed (S5F and S5G Fig). These
results suggested that miR-26a/KLF4 signaling regulates autophagy during Mtb infection. We
asked the question whether the miR-26a/KLF4 axis influences autophagy by transcriptional
modulation of a regulator of autophagy. Mcl-1 is a transcriptional target of KLF4 [36]. Further,
Mcl-1 has been reported by us to be a negative regulator of autophagy in Mtb-infected macro-
phages [32]. We therefore tested the role of miR-26a/KLF4 in regulating the levels of Mcl-1.
Knockdown of Kif4 attenuated the expression of Mcl-1 in Mtb-infected macrophages (Fig 7E).
As expected, transfection of cells with a miR-26a mimic prior to infection, also attenuated the
expression of Mcl-1 (Fig 7F). When cells were transfected with a miR-26a mimic along with a
plasmid expressing KLF4 prior to infection, the levels of Mcl-1 increased compared to cells
transfected with miR-26a mimic alone (Fig 7G). These observations confirmed that miR-26a
attenuates, and KLF4 activates Mcl-1 expression. Taken together, these results suggested that
the miR-26a/KLF4 axis regulates autophagy is at least in part due to its role in regulating the
levels of Mcl-1. In order to test whether the regulation of autophagy by KLF4 is associated with
altered bacterial survival in macrophages, bacterial CFUs were determined in macrophages
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Fig 5. KLF4 regulates bacterial survival in macrophages. RAW264.7 cells (A, C) or BMDMs (B) were
transfected with control siRNA or Kif4 siRNA. After 48 h, cells were infected with Mtb (A,B) or pretreated with
L-NAME (C) prior to infection with Mtb. Bacterial counts were determined at different time points post-
infection. Results are means = SEM (n = 3). *p< 0.05; ** p<0.01.

https://doi.org/10.1371/journal.ppat.1006410.g005
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followed by staining with Alexa-488-conjugated secondary antibody. LC3 puncta (green) formation was
detected by confocal fluorescence microscopy. The experiments were done in triplicate and at least 100 cells
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were counted for each condition. Results obtained for panels A, B, E, F and | are represented in panels C, D,
G, H and J respectively. The data are representative of three independent experiments in RAW264.7 and two
independent experiments in BMDMs and hMDMs. * p<0.05; ** p<0.01; *** p<0.001. Bar =20 ym.

https://doi.org/10.1371/journal.ppat.1006410.9006

infected with Mtb in the absence of presence of the autophagy inhibitor 3-methyladenine
(3-MA). The repression in bacterial survival following knockdown of Kif4 could be rescued by
3-MA (Fig 7H), suggesting that KLF4 enhances bacterial survival at least in part through inhi-
bition of autophagy.

miR-26a/KLF4 signaling regulates trafficking of Mtb to lysosomes

The reduced viability of intracellular Mtb associated with expression of a miR-26a mimic or
knockdown of KLF4, prompted us to test whether Mtb trafficking to the lysosomes was
enhanced under these conditions. RAW264.7 cells were infected with FITC-labeled Mtb and
subsequent association of bacteria with the lysosomes was monitored by fluorescence micros-
copy using LAMPI as a lysosomal marker. In cells transfected with miR-26a mimic, signifi-
cantly higher numbers of intracellular bacteria colocalized with lysosomes (Fig 8A and 8B).
The same was true when KLF4 was knocked down (Fig 8C and 8D). Further, Mtb-LAMP1
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Fig 7. KLF4 regulates autophagy in Mtb-infected macrophages. (A, B) BMDMs or RAW264.7 (C,D) were transfected with control siRNA or Kif4
siRNA prior to infection with Mtb. After 6 h, the cells were fixed and incubated with LC3 antibody, followed by staining with Alexa-488-conjugated
secondary antibody. LC3 puncta (green) formation was detected by fluorescence microscopy. The experiments were done in triplicate and at least 100
cells were counted for each condition. The data are representative of results obtained in three independent experiments in RAW264.7 and two
independent experiments in BMDMs. ** p<0.01; *** p<0.001. (E-G) Mcl-1 levels were analyzed after infection of RAW264.7 with Mtb. Cells were
treated with control siRNA or Kif4 siRNA (E) or control mimic or miR-26a mimic (F) or combinations of control mimic, miR-26a mimic, empty vector or
HA-KLF4 plasmid as indicated (G), prior to infection. Blots are representative of the results obtained in two independent experiments. (H) Cells were
treated with either control siRNA or Kif4 siRNA for 48 h. Where indicated, cells were treated with 3-MA prior to infection. Bacterial counts were
determined at the indicated time points. Results represent the means + SEM (n = 3) ** p<0.01; *** p<0.001. Bar =20 ym.

https://doi.org/10.1371/journal.ppat.1006410.9007
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Fig 8. miR-26a and KLF4 regulate trafficking of Mtb to macrophages. (A,B) RAW264.7 (A) or BMDMs (B)
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transfected with control siRNA or Kif4 siRNA for 48 h. Cells were infected with FITC-labelled Mtb (green).
After 24 h, cells were fixed and stained with LAMP1 antibody and Alexa-546 conjugated secondary antibody
(red), and visualized by confocal microscopy. Nuclei were stained with DAPI. Colocalization of red and green
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fluorescence indicates that the mycobacteria reside in the lysosomal compartment. The panels on the right
represent quantification of the results. The data are representative of three independent experiments in
RAW264.7 and two independent experiments in BMDMs. ** p<0.01; *** p<0.001.

https://doi.org/10.1371/journal.ppat.1006410.9g008

colocalization observed in the presence of a miR-26a mimic, was reversed when KLF4 was
concomitantly overexpressed (S6 Fig). This suggested that the concomitant downregulation of
miR-26a and upregulation of KLF4 offers a survival advantage to Mtb by inhibiting trafficking
of Mtb to lysosomes.

C/EBP is expressed during Mtb infection and augments arginase
activity

C/EBP plays a central role in regulating the M1/M2 phenotype of macrophages [16]. In part-
nership with NF-kB it directs macrophages towards M1 polarization with the release of proin-
flammatory cytokines, whereas in partnership with STAT6 it directs macrophages towards M2
polarization and the production of anti-inflammatory cytokines and M2-specific surface
markers [34]. C/ebpbeta was upregulated in Mtb-infected macrophages (Fig 1B) and in the tis-
sues of infected mice (S7 Fig). We tested whether CREB regulates C/EBPB during Mtb infec-
tion. Knockdown of Creb (S8A Fig), attenuated the expression of C/EBPf during Mtb
infection (Fig 9A). Silencing of C/ebpbeta (S8B Fig) was associated with increased levels of
nitrite (Fig 9B and 9C) but decreased arginase activity (Fig 9D and 9E). STATS® is reported to
co-operate with C/EBP- to regulate arginase expression. Knockdown of Stat6 (S8C Fig) atten-
uated Mtb-induced arginase expression (Fig 9F). It therefore appeared likely that C/EBPJ
cooperates with STAT6 to activate arginase expression during Mtb infection. Knockdown of
either Kif4 orC/ebpbeta inhibited arginase activity in infected macrophages in a dose-depen-
dent manner (Fig 9G and 9H), whereas knockdown of both had a synergistic effect on inhibi-
tion of arginase activity in infected macrophages (Fig 91). C/EBP reportedly activates M2
markers but represses M1 markers. During Mtb infection, we observed transcriptional activa-
tion of the M2-specific markers Msrl, Argl, Socs3, Irf4, Ccl24 and IL-10(Fig 10A-10F) and
Ccl17 (S8D Fig). Knockdown of C/ebpbeta repressed the levels of all the aforesaid markers. At
the same time, the production of the M1 markers IL12p40, TNF-o. and IL-6 during infection,
was augmented by knockdown of C/ebpbeta (Fig 10G-10I). These results strengthened the
argument that C/EBPp tilts the balance towards M2 polarization during Mtb infection.

CREB and C/EBP influence the survival of Mtb in macrophages

We argued that since CREB-C/EBP signaling was associated with enhanced arginase activity,
reduced NO production and a swing towards M2 polarization, this would likely facilitate sur-
vival of Mtb in macrophages. In support of this, we observed that knockdown of either Creb or
C/ebpbeta was associated with a reduction of bacterial CFUs in macrophages (Fig 10]-10L).
That C/EBP acts, at least in part by regulating NO levels, was borne out by our observation
that bacterial counts under conditions of knockdown of C/ebpbeta, were higher in the presence
of L-NAME than in its absence (Fig 10M).

Discussion

During the early phases of infection, Mtb employs mechanisms to escape immune surveillance
and to elicit a macrophage response normally associated with the resolution of inflammation.
To date we lack comprehensive knowledge of the key regulatory pathways that are exploited
by the bacterium to establish infection during the early stages of its intracellular lifestyle.
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Fig 10. C/EBP regulates M1, M2 markers in Mtb-infected macrophages as well as the survival of Mtb in
macrophages. Cells were transfected with control siRNA or C/ebpbeta siRNA (A-K; M); or with control siRNA or CrebsiRNA
(L) for 48 h prior to infection. (A-1) After infection of RAW264.7 cells with Mtb, relative expression of various M2 or M1
markerswas measured by gRT-PCR (A-E) or cytokine release was measured by ELISA (F-I) in the supernatants at different
time points. (J-M) BMDMs (J) or RAW264.7 (K,L, M) were transfected as indicated, followed by infection with Mtb (K,L). In

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006410 May 30, 2017

17/29


https://doi.org/10.1371/journal.ppat.1006410

o ®
@ : PLOS | PATHOGENS miR-26a/KLF4 and CREB/C/EBP regulate the immune response to Mycobacterium tuberculosis

panel M, cells were treated with L-NAME before infection. Bacterial counts were determined at different time points. Data
represent the means = SEM (n = 3 for panels A-1, K-M; n = 2 for panel J). *p< 0.05; ** p<0.01; *** p<0.001. NS, not
significant; BDL, below detection limit.

https://doi.org/10.1371/journal.ppat.1006410.9010

Transcription factors (TFs), and posttranscriptional regulators regulate M1/M2 macro-
phage polarization. TFs which regulate M1/M2 polarization and inflammatory signaling have
been historically linked to the immune response to infection. During the early stages of infec-
tion, M1 polarization is associated with the control of Mtb infection [37]. In spite of the release
of a battery of cytokines and chemokines by the macrophage, under certain circumstances
Mtb overcomes the host arsenal and establishes infection. Of note, the transcriptional and
post-transcriptional reprogramming of the host macrophage during Mtb infection, remain
poorly understood. The present study uncovers important host cell determinants involving the
miRNA, miR-26a and the transcription factors, KLF4, CREB and C/EBP that are associated
with mycobacteria-induced M2 polarization, and repression of autophagy as well as lysosomal
trafficking of Mtb, leading to enhanced survival of the bacterium.

TB susceptibility parallels with elevated levels of type-2 inflammatory signals [38]. M2 mac-
rophages are abundant in granulomas from tuberculosis patients [39]. We therefore rational-
ized that it is important to understand the regulatory mechanisms involved in M2 polarization
during Mtb infection. Making use of data of the Mtb-infected macrophage transcriptome (at 4
h and 24 h post-infection) available from our laboratory, we narrowed down on a set of tran-
scription factors that are reportedly important players in M1/M2 macrophage polarization
[34], namely KLF4, C/EBPf and CREB. We observed transcriptional downregulation of KLF4
and upregulation of C/EBP in infected RAW264.7 cells. Interestingly, both these transcrip-
tion factors were upregulated at the protein level. This suggested a post-transcriptional mecha-
nism of upregulation of KLF4.

Decoupling of mRNA and protein expression observed in processes such as aging [40],
depends on interactions between cis-acting sequence elements located on the target RNA and
trans-acting factors such as RNA binding proteins and non-coding RNAs such as miRNAs.
Posttranscriptional regulation is exerted by molecular crosstalk between cis-acting sequence
elements located on the target RNA and trans-acting regulatory factors: RNA binding proteins
(RBPs) and non-coding RNAs, such as miRNAs [41-43].

miRNAs play important roles in macrophage polarization [44]. We therefore hypothesized
that miRNA-mediated regulation could be a possible mechanism for the discordant expression
levels of KLF4 transcript and protein following Mtb infection. From our previously archived
data, we searched for miRNAs which could potentially target KLF4 and which were also down-
regulated during infection. We narrowed down on miR-26a, one of the miRNAs that was
downregulated in Mtb-infected macrophages. KIf4 was subsequently identified as a bonafide
miR-26a target. miRNA-mediated regulation therefore explains at least in part, the discordant
expression of the KLF4 transcript and protein, although other mechanisms cannot be ruled
out. The early upregulation of KLF4 in Mtb-infected macrophages, suggests that Mtb infection
possibly impacts post-translational mechanisms of regulation of KLF4 as well. A post-tran-
scriptional mechanism of upregulation of KLF4 linked to the downregulation of cellular miR-
145 has been reported during infection of keratinocytes with human papillomavirus [45].
KLF4 can act as either a positive or negative regulator of transcription when bound to promot-
ers, thereby regulating divergent functions depending on the cell type and the context. In con-
nection with Mtb infection, KLF4 is transcriptionally upregulated during infection of Rhesus
monkey BMDM:s with Mtb subjected to hypoxic stress, whereas it is transcriptionally downre-
gulated during infection with Mtb grown under normoxic conditions [46] suggesting that
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KLF4 potentially regulates the immune response to infection. Ghorpade et al. [47] have estab-
lished a link between KLF4 and downregulation of MHC class II-dependent antigen presenta-
tion in M. bovis BCG- infected macrophages. Our studies show for the first time in the context
of mycobacterial infection, that the miR-26a/KLF4 signaling axis is a determinant of the M1/
M2 macrophage phenotype. The repression of miR-26a during infection is associated with
enhanced KLF4 which skews the balance between arginase and iNOS towards the former. We
further observed that increased miR-26a expression or knockdown of KLF4 significantly atten-
uates survival of Mtb in macrophages, suggesting that this signaling axis is an important player
in the innate immune response of macrophages. The effect of knockdown of KLF4 could be
partly offset by the presence of L-NAME, an inhibitor of iNOS, strengthening the contention
that regulation of iNOS levels by miR-26a/KLF4 plays a role in bacterial survival in macro-
phages. It may be mentioned that a study by Ni et al. [48] has reported increased miR-26a lev-
els in Mtb-infected human macrophages. However, the conditions of the study by Ni et al. [48]
were substantially different from the present one. Significantly, Ni et al. used Mtb grown on
plates rather than early log phase cultures of Mtb used here for infection. The multiplicities
and time of infection used for analysis of miRNAs, also differed from those of the present
study. In this study, hMDMs were differentiated in FBS and antibiotics, whereas Ni et al. used
hMDMs cultured in human serum without antibiotics. One or more of these factors could
contribute to the differences in observed levels of miR-26a. In this context it is pertinent to
mention that decreased expression of miR-26a has been observed in peripheral blood from
tuberculosis patients [49]. We have also observed decreased levels of miR-26a in mice infected
with aerosolized Mtb.

Autophagy is an important arm of the macrophage defense machinery against an invading
pathogen. Induction of autophagy overcomes the phagosome maturation block associated
with Mtb infection, and facilitates trafficking of Mtb to lysosomes [50, 51]. During active tuber-
culosis, autophagy suppresses bacterial burden [52]. Considering that miR-26a and KLF4 regu-
lated bacterial survival in macrophages, we tested their effects on Mtb-triggered autophagy.
Transfection of a miR-26a mimic or knockdown of KLF4 were both associated with enhanced
autophagy as evidenced by the conversion of LC3-I to LC3-II or the formation of LC3 puncta.
Searching for regulators of autophagy which are transcriptionally activated by KLF4, we nar-
rowed down on Mcl-1, which we have previously documented as a negative regulator of autop-
hagy during Mtb infection [32]. We observed miR-26a- and KLF4-dependent modulation of
Mcl-1 in Mtb-infected macrophages. These observations suggested that the miR-26a/KLF4/
Mcl-1 axis was involved in regulating autophagy. Autophagy promotes the clearance of Mtb by
enhancing trafficking of Mtb to lysosomes. In this report we show that forced expression of a
miR-26a mimic or knockdown of KLF4 promotes trafficking of Mtb to lysosomes.

The second TF that we focused on, C/EBPB, is a regulator of M1/M2 polarization of macro-
phages. It is expressed at basal levels in M1 macrophages but upregulated for M2 activation
[53]. Deletion of two CREB-binding sites from the CEBP promoter abrogates its induction
upon macrophage activation [16], linking the TF CREB with CEBPp.

CREB-C/EBP signaling has been linked to induction of the M2-specific genes Msr1, 1110,
II13ra, and Argl. Tilt towards M2 polarization weakens the defense of the host against Mtb
infection [54, 55]. In this report we show that CREB-C/EBP signaling is central to the survival
of Mtb in macrophages. CREB-dependent C/EBPp expression showed a temporal increase in
Mtb-infected macrophages. In macrophages, miR-155 targets C/EBPB[56]. However, this axis
is unlikely to play a role in the present context, considering that miR-155 is upregulated during
Mtb infection [57]. Importantly, knockdown of C/EBPP was associated with an increased pro-
duction of iNOS and NO and a concomitant decreased activity of arginase. Considering the
role of C/EBPP on M1/M2 polarization, we tested the expression of markers of M1 and M2
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Fig 11. Schematic representation of the post-transcriptional and transcriptional regulation of M1/M2 polarization
and autophagy in Mtb-infected macrophages. Mtb infection is associated with the downregulation of miR-26a which in
turn upregulates its target KLF4; and CREB-mediated transcriptional upregulation of C/ebpbeta. This is associated with
decreased expression of M1 markers such as TNF-q, IL-12, IL-6, and iINOS with a concomitant increase in the expression
of M2 markers such as IL-10, CCL24, arginase and Msr1. Further, upregulation of KLF4 favours increased expression of
Mecl1 which in turn inhibits autophagosome formation and consequently, lysosomal trafficking of Mtb. Mtb infection thus
tilts the innate immune response of the host towards pathways that favor the survival of the bacterium.

https://doi.org/10.1371/journal.ppat.1006410.9011

macrophages following knock down of C/EBPB. M2 markers were repressed whereas the M1
markers IL-6, TNF-o and IL-12 p40 were enhanced when C/EBPB was knocked down prior to
infection, suggesting that C/EBPJ regulates the M1/M2 balance in infected macrophages.

miR-26a has been reported to target checkpoint kinases to regulate the cell cycle during
genotoxic stress [58] and to target the histone methyltransferase Enhancer of Zeste homology
2 during myogenesis [59]. Here we present a novel role of miR-26a in innate immunity. Differ-
ential regulation of miR-26a and KLF4 regulates autophagy and trafficking of Mtb to lyso-
somes. In addition, C/EBPp regulates the M1/M2 balance. The link between miR-26a/KLF4
and C/EBPp has not been investigated in detail in this study. Kapoor et al. [11] have demon-
strated that KLF4 induces MCP-1-induced protein (Mcpip), which in turn activates the tran-
scription of C/ebpb. We therefore speculate that MCPIP could be the missing link between
KLF4 and C/EBP.

Our observations provide a link towards understanding how Mtb exploits the immune
response of macrophages to successfully create its own intracellular niche (Fig 11). Mechanisti-
cally, we establish that miRNA-TF crosstalk allows the pathogen to survive during infection.
This knowledge may in the long run help in the development of host-directed therapies target-
ing the microRNA and/or the specific TFs described in this study.

Methods
Reagents, antibodies and plasmids

For Northern blotting, digoxigenin (DIG)-labelled probes for miR-26a and U6 were from Exi-
qon. Lipofectamine 2000, JET PEI and Dharmafect II transfection reagents were purchased
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from Invitrogen, Polyplus and Thermo Scientific respectively. Macrophage colony stimulating
factor (M-CSF) was purchased from Prospec. miR-26a mimic, miR-26a inhibitor, control
inhibitor and control mimic were purchased from Ambion. siRNA against KIf4, Creb and
Stat6, and control siRNA were purchased from Eurogentec. N-nitro-L-arginine methyl ester
(L-NAME), Phorbol 12-myristate 13-acetate (PMA), 3-methyladenine were from Sigma
Chemical Co. C/ebpbeta siRNA was purchased from Ambion and used at a final concentration
of 20 nM.

Antibodies were sourced as follows. C/EBP (sc-150) and GAPDH (sc-25778) were from
Santa Cruz Biotechnology, LC3 (2775) was from Cell Signaling Technology (for Western blot-
ting) or from MBL (PMO036) (for immunofluorescence), KLF4 (ab129473), CREB (ab178322),
LAMPI (Ab 25245) and iNOS (ab3523) were from Abcam. B-actin (A2547) antibody was from
Sigma Chemical Co. The HRP tagged secondary antibodies were from Cell Signaling Technol-
ogy. Alexa-488 and Alexa-546 conjugated secondary antibody, Griess reagent and Calcein AM
(Cat. No.-C3100MP) were from Invitrogen (Molecular Probes). The following plasmids were
sourced from Addgene: pGL3-mArgl promoter/enhancer (#34571), pGL2-NOS2 promoter
(#19296), and pcDNA3.1-HA-KLF4-FL (34593).

Mycobacterial strains and growth conditions

Mtb H37Rv was grown in Middlebrook 7H9 medium with 10% ADC (Becton Dickinson) and
0.05% Tween 80. For infections, cultures with an ODg, around 0.2 were pelleted and resus-
pended in DMEM with 10% FBS.

Cell culture and infection

RAW264.7 murine macrophage-like cells were obtained from the National Cell Science Centre
(NCCS), Pune, India and grown in RPMI-1640 medium supplemented with 10% FBS, penicil-
lin/streptomycin and 5 mM L-glutamine (Life Technologies), at 37°C with 5% CO,. HEK293
cells were obtained from NCCS and grown in MEM supplemented with 10% FBS, penicillin/
streptomycin at 37°C with 5% CO,. THP-1 cells were differentiated in RPMI-1640 medium
supplemented with 10% FBS, penicillin/streptomycin and PMA (50 nM) for 24h followed by
incubation in fresh medium for another 24h. BMDMs were prepared from bone marrow
obtained from the femurs and tibia of Balb/C mice by culturing in IMDM containing 10%
FBS, penicillin/streptomycin and M-CSF at 37°C with 5% CO, for 6-8 days for their matura-
tion. hMDM:s were prepared from blood obtained from healthy volunteers. Monocytes were
differentiated in RPMI supplemented with 10% FBS, penicillin/streptomycin for 6 to 8 days.
Mtb infections were carried out for 4 h at an MOI of 10, followed by washing and incubating
cells in gentamycin containing medium for 2 h to remove adhered bacteria. Cells were further
incubated in DMEM with 10% FBS for the indicated time periods.

RNA isolation and Northern blotting

Total RNA was isolated using the mirVana miRNA isolation kit (Ambion) according to the
manufacturer’s instructions. Northern blotting was carried out using DIG-labeled LNA Probes
(from EXIQON) as described previously [30]. RNA-containing membranes were washed with
DIG-WASH buffer followed by incubation with CSPD (Roche) at 37°C for 10 min. Mem-
branes were exposed to X-ray film and developed. Membranes were reprobed with DIG-
labelled U6 probe (Exiqon, Product No. 99002-15) as a loading control.
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RT-PCR

The RevertAid First Strand cDNA Synthesis Kit (Fermentas) was used for preparing cDNA.
The expression levels of pri-miR-26a-1 and pri-miR-26a-2 were detected by semi-quantitative
PCR using ExPrimeTaq DNA polymerase. PCR was carried out for 26 cycles and Gapdh was
used as loading control. For quantitation of other mRNAs, real time PCR was carried out in
triplicate using SYBR Green based real time PCR. Details of primers used are given in S2
Table.

Western blotting

This was performed as described previously [30]. Cells were lysed in lysis buffer (Cell Signaling
technology). Proteins were separated by SDS-PAGE and transferred to PVDF membranes.
Membranes were incubated in 5% non-fat dry milk in 1X Tris-buffered saline containing
Tween 20 (TBST) for 1 h at room temperature, washed with TBST and incubated overnight at
4°C with primary antibodies followed by washing and incubation with secondary antibodies
in 5% non-fat dry milk. Blots were developed using Lumiglo (Cell Signaling Technology).

Generation of KLF4 3'UTR reporter constructs and luciferase reporter
assay

The KFL4 3'UTR containing the seed region for miR-26a was amplified using mouse genomic
DNA as template and the sense and antisense primers 5 TCACTAGTATCCCACGTAGTG
GATGTGA3' (a) and Y AACAAGCTTCTTATTTCTCACCTTGAGTATGC3' (d) respec-
tively. The PCR product was cloned in pMIR-Report between the asymmetric Spel and Hin-
dIII sites. Site directed mutagenesis of the seed region in the KLF4 3'UTR was performed by
overlap extension PCR using the primer pairs a (sense) and 5TCCAATACCAAATCCA
CATGCCCGGACTTACA3 (b,antisense); and 5 TGTAAGTCCGGGCATGTGGATTT
GGTATTGGA3 (sense, c) and d (antisense). The final PCR product was generated using the
aforementioned products as templates and primers “a” and “d”, cloned in pMIR-Report and
sequenced. For luciferase reporter assays, KLF4 3'UTR constructs were cotransfected with
miR-26a mimic (or control mimic) and a B-galactosidase expressing construct in HEK293
cells using Lipofectamine 2000. After 24 h of transfection, cells were lysed and luciferase activ-
ity was measured using the Luciferase Reporter Assay System (Promega). Luciferase activity
was normalised for transfection efficiency by assaying B-galactosidase activity.

Immunoprecipitation of c-Myc-Ago2-containing RISC

The recruitment of KFL4 transcript to Ago2-complexes was determined as described [30].
Briefly, RAW264.7 cells were transfected with c-Myc-tagged Ago2 (a gift from Jidong Liu,
Memorial Sloan-Kettering Cancer Center, NY) and miR-26a mimic or control mimic, allowed
to grow for 24 h and lysed in cold lysis buffer (20 mM Tris-HCI (pH 7.5), 150 mM NaCl, ImM
Na,EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM B-glycero-
phosphate, 1 mM Na;VOy,, 1 ug/ml leupeptin, 100 units/ml RNasin Plus (Promega) supple-
mented with 1 mM PMSF and complete protease inhibitor cocktail (Roche) for 30 min at

4°C. Supernatants were incubated with anti-c-Myc-Agarose (Sigma) or protein A/G Plus-
Agarose (Santa Cruz Biotechnology) that had been previously blocked in IP wash buffer

(300 mM NaCl, 5 mM MgCl,, 50 mM Tris-HCI (pH 7.5), 0.1% Triton X-100) and calibrated
in lysis buffer containing yeast t-RNA (Promega) for 3 h at 4°C with rotation. Immune
complexes were washed successively with lysis buffer, IP wash buffer and cold PBS to remove
residual detergent. RNA was prepared using the miRvana kit (Ambion) according to the
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manufacturer’s instructions. RNA samples were eluted from columns in 30 pl H,O and used
for quantification of KLF4 by qRT-PCR. GAPDH was used for normalization.

Arginase assay

Arginase activity was measured in macrophages by the method of Corralizaet al. [60]. Briefly,
lysates were tested for arginine hydrolysis activity by incuation with L-arginine. The produc-

tion of urea was quantified using o-isonitrosopropiophenone (ISPF). Details are provided in

S1 Text.

Nitric oxide measurement

NO release was assayed by measuring the production of nitrite using Griess reagent. Details
are provided in S1 Text.

Promoter activation assays

The Argl or iNOS promoter fused to the firefly luciferase gene was cotransfected with control
mimic or miR-26a mimic in RAW264.7 cellls along with a B-galactosidase expressing construct
using Lipofectamine 2000. After 24 h of transfection, cells were infected with Mtb for different
periods of time. Cells were lyzed and luciferase activity was measured using the luciferase assay
kit (Sigma) according to the manufacturer’s instructions. Luciferase activity was normalized
by measuring B-galactosidase activity using the B-galactosidase activity assay kit (Promega).

Immunostaining and fluorescence microscopy

For immunostaining, cells were plated on cover slips in 24 well plates at a seeding density of
10° cells/well a day before the experiment. After infections, cells were fixed, permeabilized and
immunostained as described by Kumar et al. [33] before analysis by confocal microscopy
(TCS SP8, Leica Microsystems, Germany).

Bacterial CFU determinations

RAW264.7 cells or BMDM:s were plated in 48 well plates. Cells were infected with Mtb at an
MOTI of 10. Infected cells were lysed, serial dilutions of homogenates were plated on Middleb-
rook 7H11 agar plates supplemented with 10% OADC and incubated at 37°C for 3-4 weeks.
CFUs were calculated in triplicate using standard procedures.

Cell viability assay

Viability of macrophages was quantitated using the calcein assay kit. Briefly, cells were washed
with PBS thrice and incubated with calcein-AM (250 nM) in PBS for 30 min at 37°C to stain
viable cells prior to analysis. Fluorescence was measured in a VICTOR? plate reader (Perkin
Elmer). Percent survival was calculated as a percentage of the fluorescence of untreated control
cells.

Infection of mice

Mice were purchased from the Central Drug Research Institute, Lucknow and were infected
by aerosol inhalation of Mtb H37Rv at the National Jalma Institute for Leprosy and other

Mycobacterial Diseases, Agra as described [30]. Effective dose of infection was confirmed by
harvesting the lungs from mice 1 day after infection and determining colony-forming units.
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Infections were performed at a dose of about 100 cfu per mouse. Lungs, spleen and lymph
nodes were isolated, homogenized in Trizol and total RNA was isolated.

miRNA profiling

miRNA expression profiling was carried out by using gRT-PCR based TagMan Low-Density
Arrays (TLDA) in replicates at Life Technologies, Gurgaon, India. The results were analyzed
using Data assist software v1.0. Data was normalized to snoRNA202, which showed least varia-
tion between Cr values of uninfected and infected samples. Fold induction was determined
using the comparative Ct method.

Statistical analyses

GrapHPAD Prism software was used for statistical analysis. Two groups were compared using
2-tailed Students ¢-test. The data were presented as means + SEM and p-value less than 0.05
were considered significant.

Ethics statement

Animal experiments were approved by the Institutional Animal Ethics Committees of the
National JALMA Institute for Leprosy and Other Mycobacterial Diseases, Agra India (IAEC/
JALMA/55/2015) and the Bose Institute, Kolkata, India (IAEC/BI/34/2015).

Accession numbers
mRNA data sets can be found in the NCBI Geo Database under accession number GSE64427.

Supporting information

S1 Fig. Heat map of transcription factor expression during infection of RAW264.7 with
Mtb (MOI, 10).228 transcription factors were selected using the TRANSFAC database.
Out of these, 168 differentially regulated transcription factors were screened using Ingenuity
Pathway Analysis. The microarray data sets used for generating this heat map can be found in
the NCBI Geo Database under accession number GSE64427.

(TIF)

S2 Fig. Viability of macrophages in the presence of miR-26a mimic or inhibitor, and
Northern analysis of miR-26a expression in the organs of infected mice. The viability of
macrophages transfected with either control or miR-26a mimic (A, C) or with either control
or mir-26a inhibitor (B, D) was quantitated by the calcein assay. Data represent the means +
SEM (n = 3). (E-G) The expression of miR-26a was quantitated by Northern blotting as indi-
cated in Fig 2]-2L. Densitometric analysis of the blots is presented in this figure. Each symbol
represents one mouse. ***p<0.001. NS = not significant.

(TIF)

$3 Fig. miR-26a is downregulated in Mtb-infected THP-1 macrophages and modulates
KLF4 expression. (A) Differentiated THP-1 cells were infected with Mtb and the expression
of miR-26a was analyzed by qRT-PCRusing U6 expression for normalization. Results are
means + SEM (n = 3). ***, p< 0.001. (B) PMA differentiated THP-1 macrophages were trans-
fected with either control or miR-26a mimic and infected with Mtb for the indicated periods
of time. Lysates were prepared and KLF4 expression was analyzed by Western blotting. The
blot is representative of the results obtained in three independent experiments.

(TIF)
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$4 Fig. miR-26a modulates iNOS expression; and iNOS and arginase promoter activity in
Mtb- infected macrophages. (A) RAW 264.7 cells were transfected with either control or miR-
26a mimic, infected with Mtb for the indicated periods of time, lysates were prepared and iNOS
expression was analyzed by Western blotting. The blot is representative of the results obtained
in two independent experiments. Intensities of bands were measured by densitometric scan-
ning. The fold change in iNOS was calculated with respect to uninfected cells. (B,C) RAW 264.7
cells were transfected with either control or miR26a mimic along with iNOS (B) or Argl (C) pro-
moter luciferase construct, followed by infection with Mtb for different periods of time. Cells
were lysed and luciferase activity was measured. Results represent means + SEM. **p<0.01.
(TIF)

S5 Fig. miR-26a and KLF4 regulate autophagy in response to Mtb infection. RAW264.7 (A,
C,D,E) or BMDMs (B) were transfected with miR-26a mimic or control mimic (A,B, D) or
with KIf4 siRNA (C, E); or with control mimic and empty vector or miR-26a mimic and empty
vector or miR-26a +KLF4 expressing vector (F, G) prior to infection with Mtb. The conversion
of LC3-1 to LC3-1II (A-C) or transcription of Map1lc3b (D,E) or the formation of LC3 puncta
(F,G) was analyzed. Blots are representative of two separate experiments. For D, E and G,
results represent means + SEM, n = 3. * p< 0.05; ***p<0.001; NS: not significant.

(TIF)

S6 Fig. Overexpression of KLF4 offsets the effect of miR-26a on trafficking of Mtb to mac-
rophages. RAW264.7 cells or BMDMs were transfected with control mimic or miR-26a
mimic for 24 h in combination with empty vector of KLF4 expressing plasmid as indicated.
Cells were infected with FITC-labelled Mtb (green). After 24 h, cells were fixed and stained
with LAMP1 antibody and Alexa-546 conjugated secondary antibody (red), and visualized by
confocal microscopy. Nuclei were stained with DAPI. Colocalization of red and green fluores-
cence indicate that the mycobacteria reside in the lysosomal compartment. The panels on the
right represent quantification of the results. The data represent three independent experiments
in RAW264.7 and two independent experiments in BMDMs. *** p<0.001.

(TIF)

S7 Fig. Analysis of C/ebpbeta in the organs of infected mice. The relative expression of C/
ebpbeta was quantitated by qRT- PCR. Each symbol represents one mouse. *p<0.05.
(TIF)

S8 Fig. Silencing of Creb, C/ebpbeta and Stat6 and expression of Ccl17 in Mtb-infected mac-
rophages RAW264.7 cells were transfected with either control siRNA or Creb siRNA (A),
C/ebpbetasiRNA (B) or Stat6 siRNA (C) for 48 h. In the case of C/ebpbeta, transfected cells
were infected with Mtb for the time periods indicated in panel B. Cells were lysed and immu-
noblotted with CREB (A), C/EBP (B) or STAT6 (C) antibody. Equal loading was confirmed
by reprobing the blots with GAPDH B- actin antibody. Each blot is representative of the results
obtained in three independent experiments. (D) RAW264.7 cells were transfected with either
control or C/ebpbeta siRNA and infected with Mtb for different periods of time as indicated in
the figure. RNA was isolated and the level of Ccl17 was quantitated by RT-PCR. For (A-C),
intensities of bands were measured by densitometric scanning. Results are indicated in the bar
plots. Means + SEM. (n = 3). ***p< 0.001

(TIF)

S1 Table. Fold change of miRNAs that are downregulated during infection and are pre-
dicted to target KLF4.
(DOCX)

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006410 May 30, 2017 25/29


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006410.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006410.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006410.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006410.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006410.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006410.s009
https://doi.org/10.1371/journal.ppat.1006410

@’PLOS | PATHOGENS

miR-26a/KLF4 and CREB/C/EBP regulate the immune response to Mycobacterium tuberculosis

S2 Table. List of primers used for qRT-PCR in this study.
(DOCX)

S1 Text.
(DOCX)

Acknowledgments

The authors would like to thank Dr. Peter Murray, Dr. Charles Lowenstein, Dr.Jidong Liu and
Dr. Michael Rupert for the plasmids pGL3-mArgl promoter/enhancer, pGL2-NOS2 pro-
moter, c-Myc-tagged Ago2 and pcDNA3.1-HA-KLF4-FL, respectively.

Author Contributions

Conceptualization: JB MKun.

Formal analysis: SC ZG.

Funding acquisition: ]B.

Investigation: SKS MKum SKB RK.

Methodology: MKun JB.

Project administration: JB MKun.

Resources: K] PG UDG.

Supervision: MKun JB.

Visualization: MKum SKS.

Writing - original draft: JB.

Writing - review & editing: JB MKun SKS MKum.

References

1.

World Health Organization. Global Tuberculosis Report. WHO, Geneva, Switzerland. (2015) (http:/
www.who.int/tb/publications/global_report/en/)

Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt SS, et al. (2014) Macrophage activation
and polarization: nomenclature and experimental guidelines. Immunity 41: 14-20. https://doi.org/10.
1016/j.immuni.2014.06.008 PMID: 25035950

Rath M, Miller I, Kropf P, Closs EI, Munder M. (2014) Metabolism via arginase or nitric oxide synthase:
two competing arginine pathways in macrophages Front Immunol 5: 532. https://doi.org/10.3389/
fimmu.2014.00532 PMID: 25386178

Duque-Correaa MA, Kiihlb AA, Rodriguezc PC, Zedlera U, Schommer-Leitnera S, Raoa M, et al.
(2014) Macrophage arginase-1 controls bacterial growth and pathology in hypoxic tuberculosis granulo-
mas. Proc Natl Acad Sci U S A 111: E4024—E4032. https://doi.org/10.1073/pnas.1408839111 PMID:
25201986

El Kasmi KC, Qualls JE, Pesce JT, Smith AM, Thompson RW, Henao-Tamayo M, et al. (2008) Toll-like
receptor—induced arginase 1 in macrophages thwarts effective immunity against intracellular patho-
gens. Nat Immunol 12: 1399-1406.

Pearson J, Fleetwood S, Eaton M, Crossley M, Bao S. (2008) Kriippel-like transcription factors: a func-
tional family Int J Biochem Cell Biol 40: 1996—2001. https://doi.org/10.1016/j.biocel.2007.07.018 PMID:
17904406

Nawandar DM, Wang A, Makielski K, Lee D, Ma S, Barlow E, et al. (2015) Differentiation-dependent
KLF4 expression promotes lytic Epstein-Barr virus infection in epithelial cells. PLoS Pathogens 11:
e€1005195. https://doi.org/10.1371/journal.ppat.1005195 PMID: 26431332

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006410 May 30, 2017

26/29


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006410.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006410.s011
http://www.who.int/tb/publications/global_report/en/
http://www.who.int/tb/publications/global_report/en/
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1016/j.immuni.2014.06.008
http://www.ncbi.nlm.nih.gov/pubmed/25035950
https://doi.org/10.3389/fimmu.2014.00532
https://doi.org/10.3389/fimmu.2014.00532
http://www.ncbi.nlm.nih.gov/pubmed/25386178
https://doi.org/10.1073/pnas.1408839111
http://www.ncbi.nlm.nih.gov/pubmed/25201986
https://doi.org/10.1016/j.biocel.2007.07.018
http://www.ncbi.nlm.nih.gov/pubmed/17904406
https://doi.org/10.1371/journal.ppat.1005195
http://www.ncbi.nlm.nih.gov/pubmed/26431332
https://doi.org/10.1371/journal.ppat.1006410

@’PLOS | PATHOGENS

miR-26a/KLF4 and CREB/C/EBP regulate the immune response to Mycobacterium tuberculosis

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

Zhang Y, Lei CQ, Hu YH, Xia T, Li M, Zhong B, et al. (2014) Kruppel-like factor 6 is a co-activator of NF-
kappa B that mediates p65-dependent transcription of selected downstream genes. J BiolChem 289:
12876—-12885.

Luo WW, Lian H, Zhong B, Shu BB, Li S. (2016) Kruppel-like factor 4 negatively regulates cellular antivi-
ral immune response. Cellular & Molecular Immunology 13: 65-72.

Liao X, Sharma N, Kapadia F, Zhou G, Lu Y, Hong H, et al. (2014) Kriippel-like factor 4 regulates mac-
rophage polarization. J Clin Invest 121: 2736-2749.

Kapoor N, Nium J, Saad Y, Kumar S, Sirakova T, Becerra E, Li X, Kolattukudy P. (2015) Transcription
factors STAT6 and KLF4 implement macrophage polarization via the dual catalytic powers of MCPIP. J
Immunol 194: 6011-6023. https://doi.org/10.4049/jimmunol.1402797 PMID: 25934862

Date D, Das R, Narla G, Simonn DI, Jain MK, Mahabeleshwar GH. (2014) Kruppel-like transcription fac-
tor 6 regulates inflammatory macrophage polarization. J BiolChem 289: 10318-10329.

Descombes P, Schibler U. (1991) A liver-enriched transcriptional activator protein, LAP, and a transcrip-
tional inhibitory protein, LIP, are translated from the same mRNA. Cell 67: 569-579. PMID: 1934061

Ramiji D, Foka P. (2002) CCAAT/enhancer-binding proteins: structure, function and regulation. Bio-
chemJ 365: 561-575. https://doi.org/10.1042/BJ20020508 PMID: 12006103

Rahman SM, Janssen RC, Choudhury M, Baquero KC, Aikens RM, de la Houssaye BA et al. (2012)
CCAAT/enhancer-binding protein B (C/EBP) expression regulates dietary-induced inflammation in
macrophages and adipose tissue in mice. J BiolChem 287: 34349-34360.

Ruffell D, Mourkioti F, Gambardell A, Kirstetter P, Lopez RG, Rosenthal N. et al. (2009) A CREB-C/EBPf
cascade induces M2 macrophage-specific gene expression and promotes muscle injury repair. Proc Natl
Acad SciU S A 106: 17475-17480. https://doi.org/10.1073/pnas.0908641106 PMID: 19805133

El Kasmi KC, Qualls JE, Pesce JT, Smith AM, Thompson RW, Henao-Tamayo M et al. (2008) Toll-like
receptor-induced arginase 1 in macrophages thwarts effective immunity against intracellular pathogens.
Nat Immunol 9: 1399-1406. https://doi.org/10.1038/ni.1671 PMID: 18978793

Pauleau AL, Rutschman R, Lang R, Pernis A, Watowich SS, Murray PJ. (2004) Enhancer-mediated
control of macrophage-specific arginase | expression. J Immunol 172: 7565-7573. PMID: 15187136

Sheldon KE, Shandilya H, Kepka-Lenhart D, Poljakovic M, Ghosh A, Morris SM Jr. (2013) Shaping the
murine macrophage phenotype: IL-4 and cyclic AMP synergistically activate the arginase | promoter. J
Immunol 191:2290-2298. https://doi.org/10.4049/jimmunol.1202102 PMID: 23913966

Zhang JW, Klemm DJ, Vinson C, Lane MD. (2004) Role of CREB in transcriptional regulation of
CCAAT/enhancer-binding protein § gene during adipogenesis. J BiolChem 279: 4471-4478.

He L, Hannon GJ. (2014) MicroRNAs: small RNAs with a big role in gene regulation. Nat Rev Genet 5:
522-531.

Kim VN. (2005) MicroRNA biogenesis: coordinated cropping and dicing. Nat Rev Mol Cell Biol 6: 376—
385. https://doi.org/10.1038/nrm1644 PMID: 15852042

Jonas S, Izaurralde E. (2015) Towards a molecular understanding of microRNA-mediated gene silenc-
ing. Nat Rev Genet 16: 421-433. https://doi.org/10.1038/nrg3965 PMID: 26077373

Mehta A, Baltimore D. (2016) MicroRNAs as regulatory elements in immune system logic. Nat Rev
Immunol 16: 279-294. https://doi.org/10.1038/nri.2016.40 PMID: 27121651

Doench JG, Sharp PA. (2004) Specificity of microRNA target selection in translational repression.
Genes Dev 18:504-511. https://doi.org/10.1101/gad.1184404 PMID: 15014042

Mourelatos Z, Dostie J, Paushkin S, Sharma A, Charroux B, Abel L et al. (2002) miRNPs: A novel class
of ribonucleoproteins containing numerous microRNAs. Genes Dev 16: 720-728. https://doi.org/10.
1101/gad.974702 PMID: 11914277

ZengV, YiR, Cullen BR. (2003) MicroRNA and small interfering RNAs can inhibit mRNA expression by
similar mechanisms. Proc Natl Acad Sci U S A 100: 9779-9784. https://doi.org/10.1073/pnas.
1630797100 PMID: 12902540

Wu L, Fan J, Belasco JG. (2006) MicroRNAs direct rapid deadenylation of mRNA. Proc Natl Acad Sci U
S A 103: 4034—4039. https://doi.org/10.1073/pnas.0510928103 PMID: 16495412

Kumar M, Sahu SK, Kumar R, Subuddhi A, Maji RK, Jana K, et al. (2015) MicroRNA let-7 modulates
the immune response to Mycobacterium tuberculosis infection via control of A20, an inhibitor of the NF-
kB pathway. Cell Host Microbe 17: 345-356. https://doi.org/10.1016/j.chom.2015.01.007 PMID:
25683052

Rajaram MVS, Ni B, Morris JD. Brooks MN, Carlson TK, Bakthavachalu B. et al. (2011) Mycobacterium
tuberculosis lipomannan blocks TNF biosynthesis by regulating macrophage MAPK-activated protein
kinase 2 (MK2) and microRNA miR-125b. Proc Natl Acad Sci U S A 108: 17408—17413. https://doi.org/
10.1073/pnas.1112660108 PMID: 21969554

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006410 May 30, 2017 27/29


https://doi.org/10.4049/jimmunol.1402797
http://www.ncbi.nlm.nih.gov/pubmed/25934862
http://www.ncbi.nlm.nih.gov/pubmed/1934061
https://doi.org/10.1042/BJ20020508
http://www.ncbi.nlm.nih.gov/pubmed/12006103
https://doi.org/10.1073/pnas.0908641106
http://www.ncbi.nlm.nih.gov/pubmed/19805133
https://doi.org/10.1038/ni.1671
http://www.ncbi.nlm.nih.gov/pubmed/18978793
http://www.ncbi.nlm.nih.gov/pubmed/15187136
https://doi.org/10.4049/jimmunol.1202102
http://www.ncbi.nlm.nih.gov/pubmed/23913966
https://doi.org/10.1038/nrm1644
http://www.ncbi.nlm.nih.gov/pubmed/15852042
https://doi.org/10.1038/nrg3965
http://www.ncbi.nlm.nih.gov/pubmed/26077373
https://doi.org/10.1038/nri.2016.40
http://www.ncbi.nlm.nih.gov/pubmed/27121651
https://doi.org/10.1101/gad.1184404
http://www.ncbi.nlm.nih.gov/pubmed/15014042
https://doi.org/10.1101/gad.974702
https://doi.org/10.1101/gad.974702
http://www.ncbi.nlm.nih.gov/pubmed/11914277
https://doi.org/10.1073/pnas.1630797100
https://doi.org/10.1073/pnas.1630797100
http://www.ncbi.nlm.nih.gov/pubmed/12902540
https://doi.org/10.1073/pnas.0510928103
http://www.ncbi.nlm.nih.gov/pubmed/16495412
https://doi.org/10.1016/j.chom.2015.01.007
http://www.ncbi.nlm.nih.gov/pubmed/25683052
https://doi.org/10.1073/pnas.1112660108
https://doi.org/10.1073/pnas.1112660108
http://www.ncbi.nlm.nih.gov/pubmed/21969554
https://doi.org/10.1371/journal.ppat.1006410

@’PLOS | PATHOGENS

miR-26a/KLF4 and CREB/C/EBP regulate the immune response to Mycobacterium tuberculosis

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Dorhoi A, lannaccone M, Farinacci M, Faé KC, Schreiber J, Moura-Alves P, et al. (2013) MicroRNA-223
controls susceptibility to tuberculosis by regulating lung neutrophil recruitment. J Clin Invest 123: 4836—
4848. https://doi.org/10.1172/JCI167604 PMID: 24084739

Kumar R, Sahu SK, Kumar M, Jana K, Gupta P, Gupta UD, et al. (2016) MicroRNA 17-5p regulates
autophagy in Mycobacterium tuberculosis-infected macrophages by targeting Mcl-1 and STAT3. Cell
Microbiol 18: 679-69. hitps://doi.org/10.1111/cmi.12540 PMID: 26513648

Kim JK, Kim TS, Basu J, Jo EK. MicroRNA in innate immunity and autophagy during mycobacterial
infection. Cellular Microbiology Accepted manuscript online: 29 OCT 2016 https://doi.org/10.1111/cmi.
12687

Lawrence T, Natoli G (2011) Transcriptional regulation of macrophage polarization: enabling diversity
with identity. Nat Rev Immunol 11: 750-761. https://doi.org/10.1038/nri3088 PMID: 22025054

Hu D, Wan Y (2010) Regulation of Kruppel like factor 4 by the anaphase promoting complex pathway is
involved in TGF-B signalling. J Biol Chem. 286: 6890-6901. https://doi.org/10.1074/jbc.M110.179952
PMID: 21177849

Farrugia MK, Sharma SB, Lin CC, McLaughlin SL, Vanderbilt DB, Ammer AG et al. (2015) Regulation
of anti-apoptotic signaling by Kruppel-like factors 4 and 5 mediates lapatinib resistance in breast cancer.
Cell Death Dis 6: 1699 https://doi.org/10.1038/cddis.2015.65 PMID: 25789974

Benoit M, Desnuis B, Mege JL (2008) Macrophage polarization in bacterial infections. J Immunol 181:
3733-3739. PMID: 18768823

Almeida AS, Lago PM, Boechat N, Huard RC, Lazzarini LC, Santos AR, et al. (2009) Tuberculosis is
associated with a down-modulatory lung immune response that impairs Th1-type immunity. J Immunol
183: 718-731. https://doi.org/10.4049/jimmunol.0801212 PMID: 19535630

Huang Z, Luo Q, Guo Y, Chen J, Xiong G, Peng Y et al. (2015) Mycobacterium tuberculosis-induced
polarization of human macrophage orchestrates the formation and development of tuberculous granulo-
mas in vitro. PLoS One 10(6): €0129744. https://doi.org/10.1371/journal.pone.0129744 PMID:
26091535

Wei YN, Hu HY, Xie GC, Ning Fu N, Ning ZB, Zeng R, et al. (2015) Transcript and protein expression
decoupling reveals RNA binding proteins and miRNAs as potential modulators of human aging.
Genome Biol 16: 41. https://doi.org/10.1186/s13059-015-0608-2 PMID: 25853883

Huntzinger E, Izaurralde E (2011) Gene silencing by microRNAs: contributions of translational repres-
sion and mRNA decay. Nat Rev Genet 12: 99-110. https://doi.org/10.1038/nrg2936 PMID: 21245828

Janga SC, Vallabhaneni S. (2011) MicroRNAs as post-transcriptional machines and their interplay with
cellular networks. AdvExp Med Biol 722: 59-74.

Glisovic T, Bachorik JL, Yong J, Dreyfuss G. (2008) RNA-binding proteins and post-transcriptional
gene regulation. FEBS Lett 582: 1977—1986. https://doi.org/10.1016/j.febslet.2008.03.004 PMID:
18342629

Liu G, Abraham E. (2013) MicroRNAs in immune response and macrophage polarization. Arterioscler-
ThrombVascBiol 33:170-177.

Gunasekharan VK, Li Y, Andrade J, Laimins LA. (2016) Post-transcriptional regulation of KLF4 by high-
risk human papillomaviruses is necessary for the differentiation-dependent viral life cycle. PLoS Patho-
gens 12(7): e1005747. https://doi.org/10.1371/journal.ppat. 1005747 PMID: 27386862

Gautam US, Mehra S, Ahsan MH, Alvarez X, Niu T, Kaushal D. (2014) Role of TNF in the altered inter-
action of dormant Mycobacterium tuberculosis with host macrophages. PLoS One. 9: €95220. https://
doi.org/10.1371/journal.pone.0095220 PMID: 24743303

Ghorpade DS, Holla S, Sinha AY, Alagesan SK, Balaji KN. (2013) Nitric oxide and KLF4 protein epige-
netically modify class Il transactivator to repress major histocompatibility complex Il expression during
Mycobacterium bovis bacillus Calmette-Guerin infection. J BiolChem 288: 20592—20606.

Ni B, Rajaram MV, Lafuse WP, Landes MB, Schlesinger LS. (2014) Mycobacterium tuberculosis
decreases human macrophage IFN-y responsiveness through miR-132 and miR-26a. J Immunol
193:4537-4547. https://doi.org/10.4049/jimmunol.1400124 PMID: 25252958

Kleinsteuber K, Heesch K, Schattling S, Kohns M, Sander-Ju”lch C, Walzl G. et al. (2013) Decreased
expression of miR-21, miR-26a, miR-29a, and miR-142-3p in CD4+ T Cells and peripheral blood from
tuberculosis patients. PLoS One 8: e61609. https://doi.org/10.1371/journal.pone.0061609 PMID:
23613882

Gutierrez MG, Master SS, Singh SB, Taylor GA, Colombo MI, Deretic V. (2004) Autophagy is a defense
mechanism inhibiting BCG and Mycobacterium tuberculosis survival in infected macrophages. Cell
119: 753-766. https://doi.org/10.1016/j.cell.2004.11.038 PMID: 15607973

Vergne |, Singh S, Roberts E, Kyei G, Master S, Harris J, et al. (2006) Autophagy in Immune defense
against Mycobacterium tuberculosis. Autophagy 2:175-178. PMID: 16874111

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006410 May 30, 2017 28/29


https://doi.org/10.1172/JCI67604
http://www.ncbi.nlm.nih.gov/pubmed/24084739
https://doi.org/10.1111/cmi.12540
http://www.ncbi.nlm.nih.gov/pubmed/26513648
https://doi.org/10.1111/cmi.12687
https://doi.org/10.1111/cmi.12687
https://doi.org/10.1038/nri3088
http://www.ncbi.nlm.nih.gov/pubmed/22025054
https://doi.org/10.1074/jbc.M110.179952
http://www.ncbi.nlm.nih.gov/pubmed/21177849
https://doi.org/10.1038/cddis.2015.65
http://www.ncbi.nlm.nih.gov/pubmed/25789974
http://www.ncbi.nlm.nih.gov/pubmed/18768823
https://doi.org/10.4049/jimmunol.0801212
http://www.ncbi.nlm.nih.gov/pubmed/19535630
https://doi.org/10.1371/journal.pone.0129744
http://www.ncbi.nlm.nih.gov/pubmed/26091535
https://doi.org/10.1186/s13059-015-0608-2
http://www.ncbi.nlm.nih.gov/pubmed/25853883
https://doi.org/10.1038/nrg2936
http://www.ncbi.nlm.nih.gov/pubmed/21245828
https://doi.org/10.1016/j.febslet.2008.03.004
http://www.ncbi.nlm.nih.gov/pubmed/18342629
https://doi.org/10.1371/journal.ppat.1005747
http://www.ncbi.nlm.nih.gov/pubmed/27386862
https://doi.org/10.1371/journal.pone.0095220
https://doi.org/10.1371/journal.pone.0095220
http://www.ncbi.nlm.nih.gov/pubmed/24743303
https://doi.org/10.4049/jimmunol.1400124
http://www.ncbi.nlm.nih.gov/pubmed/25252958
https://doi.org/10.1371/journal.pone.0061609
http://www.ncbi.nlm.nih.gov/pubmed/23613882
https://doi.org/10.1016/j.cell.2004.11.038
http://www.ncbi.nlm.nih.gov/pubmed/15607973
http://www.ncbi.nlm.nih.gov/pubmed/16874111
https://doi.org/10.1371/journal.ppat.1006410

@’PLOS | PATHOGENS

miR-26a/KLF4 and CREB/C/EBP regulate the immune response to Mycobacterium tuberculosis

52.

53.

54.

55.

56.

57.

58.

59.

60.

Castillo EF, Dekonenko A, Arko-Mensah J, Mandell MA, Dupont N, Jiang S, et al. (2012) Autophagy
protects against active tuberculosis by suppressing bacterial burden and inflammation. Proc Natl Acad
SciUS A 109: E3168-3176. https://doi.org/10.1073/pnas.1210500109 PMID: 23093667

Bradley MN, Zhou L, Smale ST. (2003) C/EBP regulation in lipopolysaccharide-stimulated macro-
phages. Mol Cell Biol 23: 4841-4858. https://doi.org/10.1128/MCB.23.14.4841-4858.2003 PMID:
12832471

Kahnert A, Seiler P, Stein M, Bandermann S, Hahnke K, Mollenkopf H, et al. (2006). Alternative activa-
tion deprives macrophages of a coordinated defense program to Mycobacterium tuberculosis. EurJ
Immunol 36: 631-647.

Schreiber T, Ehlers S, Heitmann L, Rausch A, Mages J, Murray PJ, et al. (2009). Autocrine IL-10
induces hallmarks of alternative activation in macrophages and suppresses antituberculosis effector
mechanisms without compromising T cell immunity. J Immunol 183: 1301-1312. https://doi.org/10.
4049/jimmunol.0803567 PMID: 19561100

Worm J, Stenvang J, Petri A, Frederiksen KS, Obad S, EImén J, et al. (2009). Silencing of microRNA-
155 in mice during acute inflammatory response leads to derepression of c/ebpbeta and down-regula-
tion of G-CSF. Nucleic Acids Res. 37:5784-5792. https://doi.org/10.1093/nar/gkp577 PMID:
19596814

Kumar R, Halder P, Sahu SK, Kumar M, Kumari M, Jana K, et al. (2012) Identification of a novel role of
ESAT-6-dependent miR-155 induction during infection of macrophages with Mycobacterium tuberculo-
sis. Cell Microbiol. 14: 1620—1631. https://doi.org/10.1111/j.1462-5822.2012.01827.x PMID: 22712528

Lezina L, Purmessur N, Antonov AV, lvanova T, Karpova E, Krishan K, et al. (2013) miR-16 and miR-
26a target checkpoint kinases Wee1 and Chk1 in response to p53 activation by genotoxic stress. Cell
Death and Disease 4: €953 https://doi.org/10.1038/cddis.2013.483 PMID: 24336073

Wong CF, Tellam RL. (2008) MicroRNA -26a targets the histone methyl transferase enhancer of zeste
homology 2 during myogenesis. J. Biol. Chem. 283: 9836—9843. https://doi.org/10.1074/jbc.
M709614200 PMID: 18281287

Corraliza IM, Campo ML, Soler G, Modolell M (1994) Determination of arginase activity in macro-
phages: a micromethod. J Immunol Methods 174: 232-235.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006410 May 30, 2017 29/29


https://doi.org/10.1073/pnas.1210500109
http://www.ncbi.nlm.nih.gov/pubmed/23093667
https://doi.org/10.1128/MCB.23.14.4841-4858.2003
http://www.ncbi.nlm.nih.gov/pubmed/12832471
https://doi.org/10.4049/jimmunol.0803567
https://doi.org/10.4049/jimmunol.0803567
http://www.ncbi.nlm.nih.gov/pubmed/19561100
https://doi.org/10.1093/nar/gkp577
http://www.ncbi.nlm.nih.gov/pubmed/19596814
https://doi.org/10.1111/j.1462-5822.2012.01827.x
http://www.ncbi.nlm.nih.gov/pubmed/22712528
https://doi.org/10.1038/cddis.2013.483
http://www.ncbi.nlm.nih.gov/pubmed/24336073
https://doi.org/10.1074/jbc.M709614200
https://doi.org/10.1074/jbc.M709614200
http://www.ncbi.nlm.nih.gov/pubmed/18281287
https://doi.org/10.1371/journal.ppat.1006410

